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August 31, 1964

Office of Civil Defense
Department of Defense
The Pentagon
Washington 25, D. C.

Attention Director of Research

Dear Sir:

Attached is our Research Report, "Methods for Disposing of Excess Shelter
Heat", prepared under Contract No. OCD-OS-62-191, Subtask 1422A. Copies of this
report are being distributed in accordance with the Shelter Research Program Standard

Distribution List, including Attachment 1, which was sent to us by the Deputy Assistant
Director for Research.

Under this contract the technical and economic aspects of conventional and novel
cooling techniques utilizing natural and stored heat sinks have been studied. The con-
ventional techniques considered include simple cooling with ventilation air or water
and, where artificial cooling would be necessary, mechanical-vapor-compression and

absorption machines. Concepts for novel cooling systems were evolved and evaluated
for cooling shelters under circumstances which would preclude the use of conventional
systems.

Our recommendations for further research include:

(1) Study of a shelter cooling system using methfl alcohol as the heat sink

and as the fuel

(2) Development of an absorption refrigeration device specifically for
shelter cooling

(3) Design and cost study of heat exchanger3 for air-cycle shelter cooling.

We have submitted proposals on these three subjects to the Civil Defense Technical
Office at the Stanford Research Institute.

We believe this has been an extremely significant project in the research pro-
gram of the Office of Civil Defense and we urge that the research recommended as a
result of this study be undertaken.

Sincerely,

James A. Eibling

JAE/imrs Group Director
E.ic. (59 plus I reproducible) Thermal Systems Research

tI C A T F D ' T j T H F ADVANCEM LNT r i C I C N C E



SUMMARY

of

RESEARCH REPCRT

/On

Jr METHODS FOR DISPOSING OF

--EXCESS SHELTER HEAT

SCOPE

T1.e purpose of this study was to conceive and to evaluate cooling methods which .

could be used to dispose of excess heat in fallout, blast, and CW/BW shelters throughout

the Urited States. A major effort was directed toward novel systems able to function

under the unique shelter situations for which blast shelters are designed. Novel and

cornventional cooling methods were compared on the basis of cost effectiveness for the

vtrious types of shelters.

The guidelines for the study as suggested by the Office of Civil Defense were:

1. 14-day period of shelter occupancy

2. 24-hour sealed period for blast shelters

3. Long stardby period

4. 85 F effective-temperature limit.

OBJECTIVES

The objectives of the study were to:

1. 7 cf.ne heat sinks feasible for shelter cooling

Z. _Devise cooling methods to utilize the feasible heat sinks

3. Evaluate cooling methods with respect to the technical, economic,

and safety factors applicable to various types of shelters.
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APPROACH

The technical and economic factors associated with the use of natural and arti-
ficial (stored) heat sinks for cooling fallout, blast, and CW/BW shelters w~re exam-
ined. For those heat sinks that appeared to be feasible, cooling systems were devised
that would operate under each set of conditions to which shelters might be subjected.
Special enphasis was placed onthe study of novel or unconventional systems which
could function under conditions not tolerable for conventional cooling i>tthods. Such
conditions would prevail in the absence of one or more of the following: atmospheric
air, natural water, commercial power.

The cooling systems were evaluated on the basis of estimated cost, availability
of equipment, maintenance required during standby, reliability, safety, and amount of
development required .. .... . . .

FINDINGS

Appropriate heat sinks and cooling systems were found for every combination of
circumstances anticipated for fallout, blast, and CW/BW shelters. Three novel cooling
systems were conceived for application when conventional cooling systems could not
function. The estimated costs of these novel cooling systems are not consa$.-red ex-
cessive in view of the necessity of -shelter cooling.

-J Heat Sinks

The heat sinks best suited for shelter cooling are:

1. Atmospheric air
2. Natural water
3. Stored water

4. Methyl alcohol
5. Ice
6. Ammonia.

The earth could rarely be considered an economical heat sink.

Techniques for using atmospheric air and water from natural sources as heat
sinks are well developed and, when applicable, these heat sinks are the most appro-
priate for cooling a shelter. However, they cannot always be relied upon under ex-
posure to blast or fire resulting from a nuclear detonation. Water stored in blast-
resistant reservoirs can be used economically in conjunction with a high-temperature
evaporative condenser for heat rejection from a refrigerationdevice.

Methyl alcohol, which is reatively inexpensive, could serve as tl., heat sink for
a sealed shelter providing power was available or could be developed on-site to drive
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an open-cycle vapor-compression machine. The chemicall) stable alcohol could also
be used as engine fuel and thereby eliminate the'necessity for petroleum engine fuels
which deteriorate in stora,;-,.

Ice and ammonia are the heat sink materials usable when a shelter is sealed from
the atmosphere and no power is available. Ice is the more acceptable, and it may be

suitable for periods other than the sealed period because of the high reliability and
safety of its use. In addition, it has the advantage of providing a source of potable

water. During standby, the ice would be maintained in a well-insulated space which
-would be cooled by a relatively small refrigeration machine driven bv -. , , nmmercial.
power.

Liquid ammonia stored in pressure tanks would be a less costly heat sink than ice
for blast-resistant installations. The ammonia could be throttled into direct-expansion
coils, the only power required being the power to move the shelter air across the coils.

Storage of pressurized ammonia within a shelter with the possibility of leakage of toxic
vapors presents a serions potential hazard.

Cooling Systems

The apprupriateness of any particular cooling system depends upon the type of
shelter being considered, the availability of atmospheric air and natural water, the
power supply, and the cost. Three novel systems are described below: (1) a
refrigerant-vapor-engine system, (2) an open-cycle sulfuric acid absorption system,
and k # an open-cycle mechanical-vapor-compression system. In addition, the possi-
ble application of air-cycle cooling systems is described and conventional cooling
systems are discussed briefly.

Refrigerant-Vapor-Engine System

A thermodynamic cycle analysis showed that a refrigerant-vapor engine could
develop the power required to drive the mechanical eqv.ipment for cooling a shelter
using ice as the heat sink. Heat released by the shelter oc'cupants would be absorbed
in a refrigerant-cooled vaporizer; the high-preEsure vapors would expand through an
engine and would condense in a heat exchanger at the sink. A refrigerant-liquid pump
would be used to transfer the fluid from the low-pressure condenser to the high-
pressure vaporizer. The pump and air-moving blowers would be driven by the ex-
pansion engine. Because this system is completely self-driven and uses a stored heat
sixk, it is applicable to a sealed shelter without access to power or natural water.

Open-Cycle Sulfuric Acid Absorption System

An open-cycle absorption system employing sulfuric acid and water as expendable
working fluids can be used economically for cooling shelters. The system would re-
semble a conventional absorption system without the generator. Little energy would be
required to operate the pumps and blowers which could possibly be driven manually
during the sealed period. The heat sink could be a natural source of water even though-
the water was warm. Possibly stored water which would be boiled at atmospheric
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pressure could be csed. Research is needed to define methodls for limiting equipment
corrosion and purging the .rstem of gases.

Opfn-Cycle Mechanical-Vapor-Compression System

An open-cycle mechanical-vapor-compression system using methyl alcohol as
the refrigerant and as the heat sink would be a satisfactory and economical means of
cooling a sealed shelter provided combustion air for an auxiliary pow4 r system were
available. The cooling system would operate at less than atmospheric pressure and,
therefore, the toxic methyl alcohol vapor would not leak into the shelter. The toxic
vapor could be vented to the atmosphere, burned in a simple combustor, or used as
fuel for an engine. Except for the compressor, the system could be assembled from
commercially available components.

Air-Cycle Cooling Systems

If economical air-cycle cooling systems could be developed, they would have sub-
stantial advantages in that air is used as the working fluid and standby maintenance
costs should be comparatively low. Disadvantages would be the large power require-
ment and the need for an ample supply of water. At present, equipment is commer-
cially available, but it is expensive because, it is not designed specifically for air-cycle
cooling applications. Techniques would havc to be developed for making inexpensive
components designed specifically for such equipment. Centrifugal compressors and
expanders appear to hold the most promise. Further study is needed to define the de-
sign of the water-cooled heat exchanger for the air leaving the compressor.

Conventional Cooling Systems

In many circumstances shelters can be cooled adequately with ventilating air
and/or naturally available cool water in heat exchangers. The reliable equipment is
available for such systems but their potential use is limited by the availability and
temperature of the air and water and availability of a reliable power source.

Mechanical-vapor-compression and absorption-refrigeration machines have, of
course, been proven in service. Their application is limited, however, by the avail-
ability of power and of an appropriate heat sink. Standby maintenance requirements for
high reliability are not well defined but they could be minor in view of commercial ex-
perience with refrigeration devices which are used seasonally.. . . . .

RECOMMENDATIONS

The development of the following novel cooling system is recommended:

1. Open-cycle sulfuric acid absorption system

2. Open-cycle mechanical-vapor-compression system using methyl
alcohol
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3. I-Ieat-exchanger design for the air-cycle system.

In addition, for systems relying upon an ice heat sink, the refrigerant-vapor

engine should be compared with other sources of power which also can function during

the sealed period.
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FOREWORDI
.....-...-....... ..-- The research program described in this report was initiated and
I! . .supported by the Office of Civil Defense as part of their effort to develop

concepts ror protective shelters with maximum cost effectiveness. The
specific objectivs of the program were to devise ncvel methods to dis.
pose of excess slielter heat and to compare novel arid conventional
methods on the basis of cost effectiveness. Feat disposal methods were
to be considered with respect to their applicability in shelters located
within the United States.

IThe information d.veloped in this study is intended for use :i. the
preoaration of manuo:s on shelter design. Therefore, the report is written
primarily for technically trained users who have general knowledge of
cooling system operation.

3 The study was conducted at Battelle Memorial Institute by per-
I sonnel in the Thermal Systems Group of the Mechanical Engineering

Department under the direction of Mr. James A. Eibling. Mr. Frank C.
Allen of the Office of Civil Defense Research Directorate staff monitored
the work and contributed to the over-all planning of the research. His
assistance and guidance is greatly 3ppreci-ted. The authors also wish
to acknowledge the contributions )f other Battelle staff members,
particularly, Mr. Richard E. Bari t, Mr. Ralph I. Mitchell, and
Mr. Walter E. Chapin.

........ ...... . Oil-

1
I
I
I

Il



TABLE OF CONTENTS

Page

INTRODUCTION...........................

SUMMARY...........................3

WHY SHELTER COOLING IS UNIQUE..................5

FUNCTIONS OF COOLING SYSTEMS .. ........ ....... 5
TECHNICAL FACTORS.................................... . .6

Sink Characteristic s . . . . . . . . . . . 6
Air Temperature and Humidity............... .
Heat Sources.......................8

ECONOMIC FACTORS................... .1

Capital investment .... . . . . . .. .. . .. 1
Standb, Maintenance Expense . . . . . .. .. ... . . . 13

CONCLUSIONS. ..................... .. .14

RADIATION EFFECTS......... . . . . . .14

STANDBY MAINTENANCE........................14
HEAT SINKS.........................15
COOLING SYSTEMS.........................16

Refrigerant- Vapor Engine............. .. 17
Open-Cycle Sulfuric-Acid Absorption System............17
Cascade Mechanic al-Vapor Compression...........17
Open-Cycle Me chaniical- Vapor Compression..........17
Air-Cycle Cooling Systems.............. 18

RECOMMENDATIONS FO.* FUTURE STUDY .............. 19

RESULTS OF TECHNICAL AND ECONOMIC STUDIES
. . . . 21

NUCLEAR RADIATION EFFECTS. ...... . . . . Z ~ 3

STAND-BY MAINTENANCE REQUIREME ............... 24

HEAT SIKS.................................. .. 26

EARTH...........................28

ATMOSPHERIC AIR.............................. .. ..... 30

WATER, NATURAL SOURCE...................31

STORED MATERIALS........................35

ICE................................. . . .. .. .. .. 36
WATER............................. .. .. ...... .. .. .. .. 38
METHYL ALCOHOL......................38
REFRIGERANTS.......................46



TABLE OF CONTENTS
(Continued)

Pag

FUELS................................48
COMPOtJUDS WHICH REACT ENDOTI"-IERMICALLY..............49
OTHER MATERIALS................... .. ........ 49

COOLING SYSTI2M COMPONENTS..................53

REFRIGERANT- VAPOR ENGINES.................53
EARTH COILS..............................58

*COOLING TOWERS . .. .. .. .. .. ... .. .. .. 61
VERTICAL-TUBE CONDENSP........................64
QUIET SURFACE PONDS......................67
SPRAY PONDS................................75
AIR-HANDLING UNITS...........................75
AIR-COOLED CONDENSERS.......................80
EVAPORATIVE CONDENSERS...................81
EVAPC.'IATIVE COOLERS...................84

Spray Type......................89
Wetted Mat Type ... .. .. .. .. .... . . . . .

DEHUM~vIDIFIERS......................90
AIR FiLTERS................ ...... . . .. .. .. 92
BLAST VALVES. ........................... 93
BLOWERS.........................94
WATER PUMPS.......................95
PACKAGE BOILERS.....................95
MECHANICAL POWER.................... 98

REFRIGERATION AND DEHUMIDIFICATION DEVICES...........99

PHASE CHANGE OF WORKING FLUIDS....................100
NONEXPENDABLE FLUIDS - MECHANICALLY MOTIVATED DEVICES. .100

MVC - Single Stage.....................100
MVC -Multistage..........................109
MVC - Nonisothermal ........................... I

NONEXPENDABLE FLUIDS - THERMALLY MOT IVAtED DEVICE S . . 115
Absorption - Lithium Bromide and Water............117
Absorption - Ammonia and Wter ................. 122
Absorption - Amri onia-Witte r-Hyd rogen............ ..... 124
Absorption - Double Effect....................125
Absorption - Absorption-Re sorption...............127
Adsorption..........................128

*Ejector.......................... . . . ... . .. .. . ...
Negative Heat of Solution..................132

EXPENDABLE FLUIDS - MECHANICALLY OR THERMALLY MOTIVATED
DEVICES..................................133

Mechanical Vapor Compression -No Condenser...........133
Absorption - No Condenser....................135

*Ejector-No Condenser..................136



TABLE OF CONTENTS
(Continued)

Page

EXPENDABLE FLUID -SELF-MOTIVATED DEVICE............136

Absorption - Sulfuric Acid and Water.............137

-NO PHASE CHANGE OF WORKING FLUIDS..... . ~ ..- 142-

AIR CYCLE...............................142
STIRLING CYCLE............................153
JOULE-THOMPSON DEVICES......... .. .. .. .... 160
VORTEX-TUBE DEVICES.....................162

SOLID-STATE DEVICES........................ .... 6

THERMOELECTRIC........................167
GALVANOMAGNETIC.......................168
THERMOMAGNETIC.................. ... . . . 170

COOLING SYSTEMS
. .. . . . 171

GENERAL CONSIDERATIONS................ . .. ........ .. ... 171

SYSTEM SCHEMATICS AND COST BREAKDOWN...............175

REFERENCES
. .. . . . 205



LIST OF FIGURES

P age

Figure 1. Two Paths for Heat Flow to the Heat Sink . . . . . . . . . . 7

Figure 2. Required COP for Cooling With Manual Power ..... ...... 9

Figure 3. Ratio of Fleat Rejected to Sink and Heat Removed Fron Shv>'tr for
Various Driving Methods ....... ............... 12

Figure 4. Surface Water Temperatures - July and August ...... . . 33

Figure 5. Average Temperature of Ground Water ....... . ...... 34

Figure 6. Cost of Ice Storage Chambers . .............. 39

Figure 7. Cost of Water Storage ....... ................. 40

Figure 8. Logarithmic Plot of Partial Pressure of Methanol in Vapor Over
Methanol-Water Solutions as a Function of Vapor Pressure of Pure
Water at the Same Temperature o... .. .. ........... 42

Figure 9. Operating Characteristics of a Methyl Alc:ohol Cooling Tower . 43

Figure 10. Calculated Equilibrium Conditions for Alcohol Cooling Tower . . 45

Figure 11. Schematic Flow Diagram and Pressure-Enthalpy Diagram for the
Refrigerant-Vapor-Engine System o... ............. 55

Figure 12. Operating Parameters for a Refrigerant-Vapor-Engine System . . . 57

Figure 13. Heat Transfer From Pipes to Soil After a 14-Day Operating Period . 59

Figure 14. Length of Pipe Required to Transfer 1, 000 Btu Per Hr to the Earth . 59

Figure 15. Operating Parameters for Packaged Mechanical Draft Cooling
Tower . . . . . . . . . . . . o. . . . . . . . . 63

Figure 16. Cost of Package Mechanical-Draft Cooling Towers, Exterior Design . 63

Figure 17. Heat Tranrfer Ratesand Tube Length for Vertical-Tube Condensers . 66

Figure 18. Heat Loss by Evaporation in Still Air From an Open Water Surface
for Various Water Temperatures (Tw), Relativc Humidities (RH),-
and Dry-Bulb Air Temperatures .. ............. . . 68 _

Figure 19. Evaporative Heat-Loss Multiplier Due to Wind .. ........ 68

Figure 20. Heat Loss by Convection in Still Air From an Open Water Surface for
Various Water Temperatures (Tw) and Dry-Bulb Air Temperatures . 69 j

L
. i£



LIST OF FIGURES

(Continued)

Page

Figure 21. Convection Heat-Loss Multiplier Due to Wind for Various Values
of Water-Air Temperature Differencei(LT. ..... ......... 69

Figure 22. Maximum 24-Hour Average Solar Heat Gain for WatcrWivb za.

Abscrptivity of 0.96 as a Function of Latitude and Time of 'ear . . 71

Figure 23. Heat Loss by Low-Temperature Radiation to the Atmosphere From
an Open Water Surface for Various Water Temperatures (Tw), and
Air Temperatures . . , ......... ........... ... 71

Figure 24. Installed Cost of Open Water S.orage Tanks .... . . . . 73

Figure 25. Typical Spray Pond Temperature Characteristics ... . ..... 74

Figure Z6. Heat Transfer Characteristics of Air-Handling Units .6... . 16

Figure 27. Installed Cost of Air-Handling Units, Six Row Coil .. ....... 80

Figure 28. Cost of Conventional Air-Cooled Refrigerant Condensers .. ...... 81

Figure 29. 'Total Heat Content of Air and Water-Vapor Mixtures .......... 82

Figure 30. Cost of Conventional and High-Temperature Evaporative Condensers 83

Figure 31. Psychrometric Chart With Effective Temperature Lines and Process

for Evaporative Cooling ................. 85

Figure 32. Shelter Ventilation Rates Required With Evaporative Cooing . . . . 87

Figure 33. Shelter Ventilation Rates Required With Direct Air Cooling . . . . 88

Figure 34. Installed Cost of Evaporative Coolers Including Electric Pumps;

Blowers not Included ... ........... ... ...... 89

Figure 35. Dehumidification System for Removing Water Vapor at the Rate of

I Lb Per Hr ........... ........... ....... 91

Figure 36. Installed Costs of Filters ....... .............. 93

Figure 37. Cost of Blast Valves . ... ....... ............... 94

Figure 38. CcsL of Blowers and Drivers . . .... ......... .. 96

Figure 39. Installed Cost of Centrifugal Pumps With Close-Coupled Electric

Motors. ........................ 97

Figure 40. Installed Cost of Low-Pressure Packaged Oil-Fired Boilers. . . . 97



LIST OF FIGURES
(Continued)

Hae

Figure 41. Comparative Costs of Unitary and Built-Up MVC Aix-Conditioning

Equipment . ............... 103

Figure 42. Range of Coefficient of Performance for Various Ref.:iger :.,a . . . 104

Figure 43, Ratio of Heat Rejection to Heat Removal for Simple Saturation Cycle
With Compressor Thermal Efficiency of 75 Per Cent . ...... 104

Figure 44. Compressor Power for Simple Saturation Cycles With Thermal
Efficiency of 75 Per Cent and Mechanical Efficiency of 90 Per Cent . 105

Figure 45. Condenser to Evaporator Pressure Ratio for Various Refrigerants. . 106

Figure 46. Refrigerant Mass Flow Rate for Simple Saturation Cycle With Com-
pressor Thermal Efficiency of 75 Per Cent ... ......... 106

Figure 47. Volume Flow Rate at the Compressor Inlet for Simple Saturation
Cycle ........... ...................... 107

Figure 48. Condenser Pressures for Various Temperatures of Refrigerants . . 108

Figure 49. Arrar gement of Components for Two-Stage Compound and Cascade

Compression . . .................. 110

Figure 50. Temperature-Entropy Diagrams for a Heat Sink, A Carnot Cycle,
and a Nonisothermal Refrigeration Device ... .......... 114

Figure 51. Arrangement of Components for the Basic Absorption Refrigeration
Cycle .. ............... ............. 116

Figure 52. Installed Cost of Lithium Bromide-Water Absorption Cycle Air-
Conditioning Equipment ................. . . 121

Figure 53. Arrangement of Components for the Double-Effect Absorption Cycle 126

... ".. . .Figure 54. Arrangement of Components for the Absorption-Resorption Cycle 1_ ._ 128

Figure 55. Arrangement of Components for the Ejector Cycle .... .... 129

Figure 56. Typical Performance Curves for Steam Ejector Refrigeration
Devices ........... .................... 131

Figure 57. Open-Cycle MVC Using Methyl Alcohol .... .......... 134

Figure 58. Open-Cycle Absorption Refrigeration Device ... ...... .. 138

Figure 59. Concentrated Sulfuric Acid Requirements and Heat-Rejection Factor
for Open-Cycle Absorption Refrigerator ... .......... 140

74T



LIST OF FIGURES

(Continued)
./ f Page

./

Figure 60. Possible Configurations of Air-Cycle Systems ............... 144

Figure 61. Coefficient of Performance for Air-Cycle Refrigeration Machines 147

Figure 62. Characteristics of Air-Cycle Cooling System .......... .147

Figure 63. Cost of Air-Cycle Cooling Systems ........ ... .. 154

Figure 64. Stirling-Cycle Refrigerator, Rider Configuration . . . . .. 155

Figure 65.- Stirling-Cycle Refrigerator, Philips Displacer Configuration .55----

Figure 66. Capacity Characteristics of Stirling-Cycle and MVC Refrigeration I

Devices . . . I . . . .. . . . . ..... ••.. . .. ... ! 157

Figure 67. Estimated Power Requirement of Stirling-Cycle Refrigeration Device. 158

Figure 68. Joule-Thompson Cycle: Schematic TS and P-H Diagrams . ... 161

Figure 69. Counterfilow-Type Vortex Tube ..... .............. 164

Figure 70. Temperature Curves for a Vortex Tube With Air . ....... 164

Figure 71. Temperature and Cooling-Capacity Curves for a Vortex Tube 166

Figure 72. Mechanically Motivated Vortex Tube Cycle. . . . ...... .. 166

Figure 73. Thermoelectric Cooling Effect, .... ............. . 168

igure 74. Galvanometric Cooling Effect .............. . 169

Figure 75. Thermomagnetic Cooling Effect o 169

//



LIST OF TABLES I
Page j

Table I. Thermal Properties of Various Soils ....... ........... 9

Table 2. Approximate Capacities ana Custs of Wells ..... ......... 32

Table 3. Properties of Refrigerant-Type Materials . 47

Table 4. Hydrocarbon Fuels . .o. . . . ............ 48

Table 5. Stored Heat Sinks ..... ............. . . .. . 50

Table 6. Refrigerant-Vapor-Engine System Pressures and Flow Rates for a t
Cooling Load of 100,000 Btu Per Hr .... ............ 56

Table 7. Equilibrium Temperatures for Vertical Tubes in the Atmosphere . . 65 L
Table 8. Typical Water-Cooled Heat-Exchanger Performance for Absorbing

100,000 But Per Hr.. ....... .. .............. . 78

Table 9. Descriptions and Costs of Typical Air-Handling Units ...... 79

Table 10. Performance Characteristics of Shelter Ventilating Air Filters . . . 92

Table 11. Representative Performance of MVC Equipment Under Normal
Conditions . .................... 101 -

Table 12. Space Requirements for MVC Equipment ... ........... .102

Table 13. Refrigerants Used for Cycle Analyses .... .... ....... 108

Table 14. Cycle Parameters With Condenser Temperature of 212 F, Evaporator
Temperature, 50 F; Thermal Efficiency, 75 Per Cent; Compressor

Mechanical Efficiency 90 Per Cent ................. 112 r

Table 15. Nominal Performance of Simple-Cycle Lithium Bromide-Water
Absorption Equipment ....... ................. 118

Tabie 16. Size Data for Simple-Cycl.-, Lithium Bromide-Water Absorption1
Ecuipment ...... .. ....................... 12.0. .

Table 17. Performance and Size Data for Available Ammonia-Water Absorption
Equipment ..... .................. ...... 123 [

Table 18. Performance and Physical Data for Double-Efiect Absorption

Equipment ...... . ............... ...... . 127

Table 19. Approximate Purchase Price for Ejector Refrigeration Equipment . . 132 I
I

~ .



LIST OF TABLES
(Continued)

Page

Table 20. Methyl, Alcohol and Water Properties Pertinent to Open-Cycle

Refrigeration Devices.....................133

Table 21. Estimated Cost for Cooling With Open-Cycle MVC and Methyl -

Alcohol............................135

Table 22. Estimated Cost and Efficiency of Compressors. . . . . 149

Table Z3. Air-Cycle System Performance and Estimated Costs for 1, 000 Btu

Per Hrof Shelter Cooling............. .. ..... . . . 152

Table 24. Closed-Cycle Joule-Thompson Cooling System Characteristics and
Performance..........................162

Table 25. Shelter Situations and Possible Cooling Systems......... 172



r 4,

,/

METHODS FOR DISPOSING OF
EXCESS SHELTER HEAT

by

John D. Hummell, David E. Bearint,

arid Lawrence J. Flanigan

INTRODUCTION

Because protective shelters of interest to the Office of Civil Defense must be de-
signed for high occupant density, the task of removing excess heat becomes a major
problem. Heat liberated by occupants and by mechanical, electrical, and air revital-
ization equipment in many instances will be greater than that flowing outward through
the shelter walls or removed by the ventilating air. Consequently, some means of dis-
posing of excess heat will be required to maintain a habitable environment within the
shelter.

Techniques appropriate for the removal of heat from most shelters will probably
differ somewhat from conventional methods for cooling occupied structures. Careful
consideration must be given to such factors as: availability of heat sinks, safety re-

quirements, reliability, first cost of equipment, requirements for maintenance during
stand-by periods, power requirements, the relatively short operating period, and
comfort conditions within the shelter. Some of these factors are unique in protective
shelter design and, therefore, cooling methods not conventionally used for comfort
cooling were investigated during this program.

Due to differences throughout the United States in weather, soil conditions, and

natural heat sir.ks, a broad and thorough analysis of heat disposal methods and evalu-
ation of design parameters was required. Architects and engineers, having suitable
data concerning various possible cooling methods, can select the cooling equipment
best suited for local conditions.

To define the limits of this research program and to assure integration of the
results into the over-all OCD program, the following guidelines were established by
OCD:



I. Mechanical system concepts are to be developed for fallout shelters

that can be readiir adapted for protection against other effects, in-

cluding fire, blast, biological contaminants and chemical agents.

2. A 2-week occupancy period is to be considered for planning purpc es

3. At some time during the Z-week occupancy period, shelters might be

C unpletely isolated from the outside atmosphere for 24 hours

4. The effective temperature in the occupied portion of the shelters should

not exceed 85 F

5. Shelters might have to be maintained on a standby basis for many years

6. Shelters might be located anywhere in the United States; therefore, de-

sign data must be broadly applicable

7. All methods of heat disposal investigated should be thoroughly described

in the report of the study to evaluate the advantages and disadvantages

of both applicable and unusable methods

8. Heat transfer through shelter walls should be excluded from consider-

ation. This is the subject of separate studies by other OCD contractors.
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SUMMARY

During Battelle's study for the OCD of methods of disposing of excess shelter
heat, technical and economic data were developed in three categories: hea sinks,
miscellaneous cooling-system components, and refrigeration and dehumidification de-
vices. Various combinations were considered as assembled into cooling systems and
these systems were then evaluated with respect to their cost effectiveness in removing
excess shelter heat. Special attention was given to the conception ol -. ;,p'icable new
cooling systems. In the rcport which follows, a comparison is also made of the ad-
vantages, disadvantages, and estimated costs associated with various conventional and
novel systems. Areas of needed research are defined for the development of novel
systems.

The main body of this report, entitled "Results of Technical and Economic
Studies", consists of live mnjor sections:

1. Nuclear Radiation Effects

2. Standby Maintenance Requirements

3. Heat Sinks

4. Cooling System Components

5. Refrigeration and Dehumidification Devices.

Nuclear radiation effects are considered inconsequential because most cooling
systems will be protected and because radiation levels will be below that at which
equipment is seriously damaged. With respect to standby maintenance, not much in-
formation is available concerning experience with long standby periods. Moreover,
it is evident that standby maintenance procedures will depend upon the particular
equipment selected; therefore, only general statements can be made.

The section covering heat sinks contains thermodynamic data, physical proper-
ties, and estimated costs for a variety of maturials which were considered. For heat
sink materials which appear applicable, storage facilities are described. Calculated
heat-transfer rates for cooling ponds, earth coils, and atmospheric condensers are
also included.

The last two sections contain detail covering the operation, reliability, and
economics of a wide variety of equipment. Unconventional as well as conventional de-
vices are described and, in addition, performance data are given for conventional
equipment which could be used advantageously under off-design conditions.

Several unusual approaches to shelter cooling problems which were conceived
during this program are discussed in detail. A novel engine which could drive all com-
ponents of a cooling system and which would have no oxygen requirement is described.
Its motivating energy would be the heat rejected by shelter occupants; the heat sink
would be ice. Because the engine requires no oxygen it might be pArticularly attractive
for use during the time when it is necessary to seal the shelter from th, outside
atmosphere.
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An unusual open-cycle absorption-refrigeration device which requires little
mechanical power and use. water as a heat sink is also described. Sulfuric arid and
water are the working fluids. Another suggestion is a cascade arrangement of
mechanical-vapor-compression devices. Such an assembly would mrake possible heat
rejection at boiling water temperature and consequently, would greatly red. -e the need
for water storage. Possibilities for a suitable air-cycle cooling system are also
examined.

In the final section of the report, entitled "Cooling Systems", i: i 'able showing
applicable cooling systems and their costs as a function of the availability of atmos-
pheric air and natural water. This table should be helpful for selection of optimum
components to meet the requirements of particular shelters.

The immediately following section, "Why Shelter Cooling is Unique'" contains a
-discussion of the significant differences between ordinary comfort cooling and the- cool-
ing of protective shelters.

7J

--------------. .- ----



WHY SHELTER COOLING IS UNIQUE

Considering that air conditioning has become so commonplace, it may seem

strange that the cooling of a protective shelter would pose special problemb. However,

the fact that such a good job has been done, and done repeatedly, in commercial build-

ings and residences may actually interfere with the proper design of shelter cooling

systems. That this was true became evident during discussions with__..ineers experi-

enced in everyday comfort cooling. After the requirements of shelter .ooling had been

fully explained, these engineers would suggest the use of commercial systems or

equipment which analysis by the project staff had revealed would not be applicable for

shelter cooling. These experiences served to emphasize to the staff that shelter de-

signers should approach thtdr task with ingenuity and open minds and try not to rely

entirely on'past practices.

This section of the report covers some of the factors which make shelter cooling

different from ordinary comfort cooling. Any shelter design manual or any recom-

mendations concerning shelter cooling systems should include such background infor-

mation to help designers develop an appreciation of the unusual requirements of shelter

cooling., In introducing this discussion, a brief review of the basic functions of cooling

systems is given. Although this information will seem elementary to many readers, it

may suggest a new way to view a familiar yet complex subject. Following this is a

discussion of the technical and economic aspects of shelter cooling.

FUNCTIONS OF COOLING SYSTEMS

Removing excess heat from an inhabited area requires that air having the nec-

essary temperature and humidity for absorbing heat and moisture released by people

and equipment must be provided. This air could come from a natural source such as

the atmosphere, or be air conditioned by a cooling system and recirculated within the

shelter space.

In discussing the cooling and dehumidifying c" air it is convenient to consider that

heat and moisture are tangible substances and that they must be picked up, trans-

ported, and rejected from the occupied area by the cooling system. The fact that heat

is a form of energy and that moisture can exist in either the vapor or liquid state does

not change the cooling system functions.

Cooling systems which perform these functions are governed by the following

thermodynamic laws:

1. Feat flows naturally only from a higher temperature to a lower

temperature

Z. Energy must be expended to remove heat from a lower temperature

source and reject it to a higher temperature sink

3. Heat removed from a source must be received by a sink

4. Heat may be transferred by energy flow or by mass flow.

- - --- * M
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In many cases, a practical heat sink having a temperature lower than the temper-
aturc rcquircd in the shclte.- occupied space may not be available. Therefore, tech-
nically feasible cooling methods can be conveniently divided into two groups: r

I. Those depending on the natural flow of heat to a cool sink r

2. Those requiring a refrigeration device to pump heat into a warm sink.

r
Figure 1 shows the two post le-heat-flow paths--from people anJ rquipment L

through various intermediate fluids and heat-transfer processeo to the heat sink. Tem-
perature is shown along the ordinate to indicate the temperature level of the various
stages of the cooling processes.

Heat released. by people and equipment is absorbed by the air through conduction
and convection. The warm air moves by mass.transfer to a cooler heat exchanger
which accepts heat from the air. If a cool sink is available, the heat can be transferred
to the sink again by a mass transfer of a heat-exchanger fluid and the natural flow of
heat from a higher temperature to a lower one. An example of this is a cooling system
utilizing cold well water circulated through a heat exchanger.

If the sink temperature is above the temperature of the occupied area, a refrig-
eration device must be. used to pump the heat to the sink, this requires a power input.
The refrigeration device, through the mass transfer of its working fluid, removes heat
from the cooler heat ex,'hanger placed in the occupied area and delivers it to the higher
temperature heat exchanger located at the heat sink. The sink heat exchanger must,
of course, operate at a temperature above the sink to provide the temperature differ-
ential required for adequate heat transfer. This mode of operation is basic to all re-
frigeration cooling systems. The various refrigeration systems differ, however, in
the number of intermediate working fluids needed in a particular cooling situation.

TECHNICAL FACTORS

The major technical differences between shelter cooling and conventional comfort
cooling are associated with:

I. Availability, temperature level, and thermal properties of heat sinks

2. Temperature and humidity limits

3. Heat suurces.

Sink Characteristics

The heat sink is the key factor in selecting the cooling method which is best for
a particular shelter. Providing a heat sink for ordinary comfort cording is no problem
because atmospheric air can always be used, and in many instances adecl:ate water
sources are available. Both of these are at relatively low temperature. These sinks

/ .

/
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could also be used for shelter systems not required to be blast or fire resistant. How-
ever, shelters designed fc r blast and fire protection must have an invulnerable heat
sink and heat-rejection equipment. This makes the use of atmospheric air more diffi-
cult and may preclude use of city water systems which are dependent upor vulnerable
powxer.

The'sink temperature and the thermal properties of the sink m.nterials define
practical and economic methods that can be used for coolirg s.elterF. The sink tem-
perature alone may determine whether a refrigeration machine is re-4dired. However,

ot'ier thermal properties of a sink frequently govern its applicability. For example,
although the temperature of the earth is lower than that required in a shelter, the heat
conductivity and heat capacity of the earth are so low that large masses are needed for
appreciable heat flow.

Air Temperature and Humidity

Many inconveniences which would not be tolerated under normal circumstances
will be accepted by shelter occupants. Comfort standards will be appreciably lower
than otherwise. Therefore, the thermodynamic processes for shelter cooling can be
operated at temperatures higher than those used for conventional comfort and humidity
control cooling. Because the entire temperature level of the cooling system can be

increased, either the temperature of the sink could be made higher or the temperature
'differential between the heat sink and the shelter could be made larger to increase the
rate of heat transfer. These considerations suggest a search for cooling methods dif-
ferent from those used for conventional comfort cooling.

Heat Sources

Heat loads imposed on shelter cooling systems would be quite different from those
imposed on conventional systems. For commercial systems used to cool buildings, the
load is largely sensible heat representing heat gained through the structure walls from
the outside, heat generated by internal lights and equipment, and heat entering with the
ventilating air. The smaller latent load is due primarily to the moisture in the venti-
lating air. The load contributed by occupants is relatively small except in auditoriums
and similar buildings where large numbers of people congregate.

In contrast, the primary source of heat in a shelter would be the shelter occu-
pants, with the ratio of latent heat and sensible heat dependent upon the temperature
and humidity in the shelter. Consequently, the ventilating air would leave the shelter
with a higher heat content than in conventional situations, the heat-transfer capacity of
cooling coils would be increased, and greater quantities of condensate would have to
be drained from the coils. This condensate, incidentally, could be a source of potable
or domestic water.

-Heat released by occupants is of particiilar concern if manual power is used to
diive a cooling system. A human power source, as is well known, has low output.
More significant, insofar as this application is concerned, is the low thermal efficiency
of the human power source. There is the possibility that the heat released by a man

, i I | id



9

driving cooling system equipment would be more than the cooling effect produced by the
system that he was drivinj.

Figure 2 shows the coefficient of performance (COP)* of a manually operated
cooling system needed to retmove the heat released by all of the shelter occupants as a
function of human power output, human efficiency, and the percentage of occupants
working. Man's thermal efficiency ranges between 10 and 20 per cent, with 15 per cent
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Trained cyclist, 20-minute effort

Legs only, 0. 58 lip.

From this it seems reasonable to assume that the power output of th, "average
shelter occupant" would not exceed 0. 2 hp and considering that there may be a pre-
ponderance of women, children, aged, etc. , occupants in some shelters, the average
might be as low as 0. 05 hp. This range of output could be developed for an extended
period of time only under favorable temperature and humidity ccndit, ... s. The maxi-
mum human power output which can be achieved in still air with no body temperature
build up is:(1)

Effective Temperature, F Power, hp

87 0
76 0.008
71 0.017
65 0.033

Because some build up of body temperature could be tolerated and because there
would be some air movement in a shelter, these power outputs are somewhat low.
However, they do illustrate the effect of ambient temperature on manual power output.

Not to be overlooked is the oxygen required by a working man. In a shelter, dur-
ing a sealed period oxygen from a stored supply would have to be used to replenish that
required not only to sustain life but also to provide the energy for power. It may well
be that the oxygen requirement for an efficient internal combustion engine would be
less than that required for manual power. Semi-closed cycle internal combustion en-
gines, using their exhaust gases as diluents, could run on a supply of pure oxygen and
fuel. Such an engine would eliminate the problems associated with furnishing a cool
area for workers and combining the power outputs of a large number of men.

The location of equipment in a shelter complex will greatly affect its contribution
to the load on the cooling system. This is an item which seldom needs consideration in
commercial cooling installations. Commercial units are generally placed outside the
space to be cooled. The heat given off by the equipment is rejected to atmospheric air
which circulated through the separate enclosure of the cooling system. However, in a
shelter the cooling equipment will probably be inside the shelter complex and the heat
it generates must be included in the total heat load which must be removed by the cool-
ing system, by the ventilating air, and possibly through the shelter walls. Therefore,
the net cooling effect in the shelter is the difference between the capacity of the equip-
ment and the amount of heat released by the equipment.

Cooling equipment can operate in higher ambient temperatures than can be tol-
erated by people. Therefore, the cooling load would be a minimum if all possible
equipment were housed in a space which could be ventilated and cooled with the air
leaving the occupied space. The shelter designer must consider the aspects of heat
rejection lor the total shelter system, including the auxiliary power system, and then
provide for maximum utilization of resources available for cooling. This will require
considerations which are not associated with conventional comfort rooling but which
are of primary importance for shelter cooling.



Figure 5 shows the ratio of the total heat to be rejected to a sink, other than
prime-mover exhaust hea:. divided by the heat removed from the shelter as related to
the COP of the cooling sysem, the type of prime mover, and the efficiency of power
transmission to the cooling equipment.' These curves are not intended to show that
cooling the reciprocating engine is more of a problem than cooling a gas trrbine. They
are intended to stress the fact that the shelter designer must be alert to the many rami-
fications of the total heat-removal prcblem.

ECONOMIC FACTORS

Although -it is difficult to analyze the various technical problems involved in
shelter cooling, analysis of the economic aspects is even more difficult. The signifi-
cance and nature of the cost of cooling a shelter are entirely different from those

associated wich a conventional cooling system. A large part of the cost in conventional
cooling is in the operating expense; capital costs can be amortized over a period of
many years. For a shelter cooling system, in one sense, there is no operating cost,
as such, because all equipment, fuel, power plant, etc. , must be in place and ready
to operate. After the equipment is used, it seems likely that it would have little, if
any, future value. Therefore, it seems logical to assume thatthe total shelter cool-
ing system cost can be divided into two categories:

1. Capital investment or first cost

2. Standby maintenance expense.

Capital Investment

The capital investment or the first cost must include all the equipment and mate-
rials needed to operate the shelter throughout its period of occupancy. The necessary
equipment, supplies, and energy to drive the equipment must be available at all times.
Therefore, there would be no operating cost. An exception might be in the unusual
case of a shelter designed to rely on a commercial power supply. Amortization and
salvage of equipment seems to have little meaning in the evaluation of the economic
factors.

The relatively short period anticipated for shelter use greatly influences the
comparative costs of the various possible cooling systems. Total system cost must
be considered as the sum of the cost of mechanical machinery, air-handling equipment,
auxiliary power supply, and perhaps an artificial heat sink. The most economical
combination would be the one having the lowest first cost. For example, it might be
advisable to use a relatively expensive heat sink, such as ice, because it would re-
quire only low cost heat exchangers and power requirements would also be very low.
If the design is for a large cooling capacity over a short period of time, such a system
would be less costly than a large refrigeration machine with its prime mover. How-
ever, as the operating time increases, the economics swing in favor of refrigerating
machinery.
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Standby Maintenance Expense

There would be little, if any, resemblance between the maintenance of conven-
tional cooling equipment and shelter cooling equipment. With conventiona' equipment,
maintenance is primarily the repair or the replacement of components because ex-
tended operation has caused them to wear, decompose, or become contaminated. Few
working components fail because of deterioration with time, and usually these few can
be identified and replaced before breakdown. Potential costs can be .- tablished on the
basis of years of experience with similar types of equipment.

Shelter cooling equipment certainly would not "wear out" in the anticipated two
weeks of operation. Rather, the maintenance would be only that required to keep the
equipment in reliable condition for immediate operation upon demand. The reliability
of cooling systems would be enhanced by frequent test operation and inspection, but
these would be expensive during long standby periods. Some compromises must be
made; it will be necessary to sacrifice some acceptable degree of reliability for the
sake of economy.

Speculation about maintenance costs for standby equipment is dangerous because
no specific maintenance tasks can be defined. Many maintenance problems can be
identified only after practical experience with specific equipment. It is not possible
to give realistic estimates of maintenance costs before the installations of typical
cooling systems in shelters and before reliability studies have been made.
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CONCLUSIONS

Allhough numerous cooling methods have been identified as being technically
satisfactory for removing heat from shelters, only a few basic ones are truly applicable.
Of those methods which are applicable, some are novel, having been conceived during
this study, while others incorporate conventional equipment operating under off-design
conditions. Still other methods are essentially those in use for commercial comfort I
cooling. Appropriate cooling systems could be assembled from variz .-. types of equip-
ment and power sources. Of primary significance in any particular si.dation is the
availability of air and/or water. i

Each combination of circumstances determines the suitability of various possible
cooling systems. Therefore, -the numerous systems cannot be placed in any logical
order with respect to the over-all merits. However, some conclusions can be stated
with the reservation that further details must be examined before any final evaluation.
The conclusions are discussed here in the same sequence as the details are presented I
in the report: (1) radiation effects, (2) standby maintenance, (3) heat sinks, (4) cool-

ing system components, and (5) refrigeration and dehumidification devices.

RADIATION EFFECTS I

On the basis of information available at this time, it seems that the radiation
associated with a nuclear detonation would not exceed 2 x 10 5 R per hr and this would
not damage a well-designed shelter cooling system. The radiation levels which would
occur outside the shelter would be orders of magnitude less than the dosage required r
to significantly change structural materials, electrical insulation, lubricants, re-
frigerants, and refrigerant seals. Fluids flowing into the shelter from exposed cooling
coils would not become radioactive and, therefore, would present no radiation hazard
to shelter occupants. While no problems are anticipated with irradiated water, acme

effects might occur for which there are no helpful data. Perhaps the most significant
effect would result if cooling spray water were radiated in the presence of nitrogen.

Gaseous nitric acid would form, some of which would be absorbed in the water. How-
ever, it is believed that the quantities would be su small that corrosion of any wetted
surfaces would be negligible. Irradiated water in a closed system might contain hydro-
gen and hydroxyl radicals, as well as free hydrogen, oxygen, and hydrogen peroxide.
Some of these would promote corrcsion, but this should not be serious for a two-week
period of operation.

STANDBY MAINTENANCE

Little experience has been reported with respect to cooling equipment reliability
after long periods of nonuse. Similarly, data of standby maintenance requirements
and on maintenance costs are few. However, some types of air-conditioning equipment
in commercial service are used seasonally and remain idle from six months to nearly
a year. Cooling equipment for shelters could be expected to be operable after standby
periods at least as long. Undoubtedly, reliability of operation would be increased with
frecouent inspection of equipment and controls, and periodic operation of the more -
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essential compohents. Unfortunately, no information is available on which to base
recommendations for definite maintenance programs. Techniques are well known for
cuntrolling corrosion by rmaintaining a low relative humidity and/or by filling liquid
containers ,vith corrosion inhibitors compatible with construction materials. The
maintenance of cooling equipment would have to be incorporated into the maintenance
program for the entire shelter complex. This would be true especially if tne cooling
equipment imposed the major portion of the load on the auxiliary power system which:
may or may not be operated periodically at full power.

HEAT SINKS

The role of the heat sink in cooling the shelter cannot be overemphasized. The
sink temperature defines cooling methods which are technically feasible while its cost
and thermodynamic properties generally establish the equipment and the power require-
ments of a cooling system. For these reasons cooling methods can be logically evalu-
ated by considering,. first, the factors regarding the heat sink and, second, the me-
chanical equipment necessary to utilize the sink under conditions which would prevail
in a shelter.

Air and water from natural sources and artificially stored water and ice are the
only heat sinks which are generally applicable for shelter cooling. Under special cir-
cumstances, ammonia, methyl alcohol, and earth should be considered. Techniques
for using atmospheric air and natural sources of water as heat sinks are well devel-
oped and, when applicable, these are the most appropriate for cooling a shelter. How-
ever, these resources cannot always be relied upon under such conditions as blast and
fire which are characteristic of a nuclear detonation. Stored water could be used in
conjunction with a cooling tower or evaporative condenser for rejection of heat from a
refrigeration device. A tower or evaporative condenser operating above design tem-
perature and with an air flow equal to 3 cfm per occupant could dissipate the entire
heat load generated by shelter occupants. This suggests cooling system, completely
housed within the shelter, which could reject the excess heat to evaporating water with
a mass transfer of the vapor to the atmosphere.

Another potentially intereeting use of water, whether stored or natural, is for
evaporative cooling of ventilating air. The heat absorption capacity of evaporative
cooled air is nearly two times that of atmospheric air. Therefore, with simple equip-
ment and a relatively small quantity of water, ventilation rates necessary for cooling
could be reduced by a factor of two. Evaporative cooling may be economically justified
for shelters requiring blast valves and high-cost chemical, biological, and radiological
filters.

Ice and ammonia are the only artificial heat sinks applicable for use during the
period when the shelter is sealed from the atmosphere. Ice is the more acceptable and
it may be practical for other than the sealed period because of the high reliability and
safety of its use, in addition to its advantage as a source of potable water. During
stand-by, storage of ice in a well-insulated space would require refrigeration by a
conventional machine driven by commercial electric power. During the sealed period,
manual power could be used to operate the ptnmps and blowers required to reject heat
to the ice.
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Liquid ammonia stored in pressure tanks would be less costly as a heat sink than
ice stored in chambers constructed for high overpressures. The ammonia could be
released through valves into direct expansion coils which could be used in conjunction
with a blower to cool the shelter air. The power requirements would be even less than
that for cooling with ice, but the presence of high-pressure ammonia lines v.ithin a
shelter and the release of toxic vapors into the atmosphere are potential hazards. The
risks could be reduced by use of intermediate cooling fluids and provision for the ab-
sorption of the ammonia vapor into a large supply of water which could b too warm

for direct cooling of the shelter.

Methyl alcohol, which is relatively low in cost, could be used as a heat sink for
a sealed shelter providing power were available by using it in an open-cycle mechanical
vapor compression device. For this application, the alcohol would serve not only as
the heat sink but also as the working fluid.

Methyl alcohol could also be used as a heat sink by using it in a cooling tower.
If alcohol, which vaporizes readily in atmospheric air, were sprayed into a cooling
tower on a summer day, the liquid portion leaving the tower would be cool enough to
absorb heat from a shelter. Using this method, heat could be rejected to the warm
atmosphere without a refrigeration device. The efficiency of alcohol cooling would be

significantly affected by the quantity of water vapor in the air. The vapors of methyl
alcohol are toxic and the mixture of vapor and air in a tower would be combustible.

Because the vapors are combustible, the tower would have to be protected from any
ignition source or the vapors would have to be destroyed by controlled burning.

The earth could serve as a heat sink, but the buried piping required woald be too
costly except where the earth is cool and where it would remain moist throughout the
period of heat absorption. The last condition is unlikely except in swamp or marsh
areas. Heat from the buried pipe would dry the earth around the pipe; consequently,

the thermal conductivity would decrease. The heat flow would be further decreased
because the earth would shrink away from the pipe.

COOLING SYSTEMS

Any shelter cooling system will be a combination of many components. Proper
selection of compatible and economic units will be the major challenge to be faced by
shelter designers. In the final section of this report both conventional and unconven-
tional assemblies of possible cooling system components are tabulated and compared.

However, final evaluation and selection must be in terms of the particular requirements
of individual shelters.

The five unusual pcssibilities for cooling system equipment described below were
considered during this research program. The first four seem to have considerable
promise; the last seems lep, promising at the moment, but it may prove to have inter-
esting merit after some devlopment work has been done:

I. A refrigerant-vapor engine for driving blowers -and pumps

2. An open-cycle sulfuric-absorption device L
3. Cascade arrangement of mechanical-vapor-compression devices

I
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4. Open-cycle mechanical vapor compression device using methyl alcohul

5. Air-cycle cooling equipment.

Refrigerant-Vapor Engine

A refrigerant-vapor engine requiring no oxygen and motivated by the heat released
..............--- by the shelter occupants could be used to drive blowers and punps if cC ink were avail-

able with a temperature below 35 F, such as a stored ice sink. Heat =eleased by the
occupants would vaporize a refrigerant in a heat exchanger; the vapors at a higher pres-
sure would be expanded through the engine and would condense in a heat exchanger at
about 40 F. A refrigerant-liquid pump would transfer the fluid from the low-pressure
condenser to the high-pressure vapor generator. Such an engine would be especially
attractive during a sealed shelter period. Since appropriate engines of this type are not
commercially available, a development program would be required. However, no
major problems are foreseen. One type of this engine, the rotary-vane expansion en-.
gine, has been developed for special military applications. Suitable refrigerants and
lubricants are commercially available. Condensation, which is ordinarily a problem
in high-temperature vapor engines, would not exist.

Open-Cycle Sulfuric-Acid Absorption System

An open-cycle sulfuric-acid absorption system would have the advantage of low
power requirement; therefore, it could be used during a shelter closed period, provided
an adequate water supply was available. The water supply could be at a temperature
above that of water used for direct cooling. The only mechanical power required would
be for pumping the fluids and driving the blower on a heat exchanger. With this system
no refrigeration for a heat sink would be required during standby because the sulfuric
acid and water could be stored at earth temperature. The system would be less hazard-
ous than a liquid-ammonia system because the entire system could operate at pressures
less than atmospheric.

Cascade Mechanical-Vapor Compiassion

Mechanical-vapor-compres ion (MVC) devices would be attractive for use during
a sealed shelter period when the ai supply is suitable only for combustion and if a
stored heat sink is required. Twd such devices, which normally reject heat at temper-
atures slightly above atmospheric could be coupled to form a cascade arrangement.
This would make possible heat rej~ ction to stored water at normal boiling temperature.
Consequently, a minimum quantity of water would be required. One MCV unit would
absorb heat below the shelter temperature and reject it to the second which would in-
crease the temperature above 212 F.

Open-Cycle Mechanical-Vapor Compression

An open-cycle mechanical-vapor-compression system using methyl alcohol as the
refrigerant and as the heat sink would be a satisfactory and economical way to cool a
se .ed shelter provided combustion air for an auxiliary power system were available.

II!
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The cooling system would operate at less than atmospheric pressure and, therefore,

no leakage of toxic alcohol vapor would occur in the shelter. For disposal, the vapor

could be vented to the atmosphere., burned in a simple combustor, or uscd as fuel for

an engine. Except for the compressor, the system could be assembled from commer-

cially available components. A rotary-vane compressor requiring no lubz'cation

appears to be the most desirable.

Air-Cycle Cooling Systems I
If economical air-cycle cooling systems could be developed, they would have sub-

stantial advantages in that air is used as the working fluid, standby maintenance should
be corn ,aratively inexpensive, and ventilation could be provided with the same me-
chanicai equipment.. Disadvantages would be the large power requirement and the need

for an ample supply of water. At present equipment is commercially available, but it
is expensive and it is not designed specifically for air-cycle cooling applications.

Techniques would have to be developed for making inexpensive components designed

specifically for shelter cooling. Centrifugal compressors and expanders appear to

hold the'most promise.



RECOMMENDATIONS FOR FUTURE STUDY

In the study of methods for disposing of excess shelter heat, five croling systerns
were identified which warrant further research for particular shelter :ooling situati,ns.

An open-cycle absorption system, a refrigerant-vapor-engine systern, and an open-
cycle mechanical-vapor-compressioi systk.m are novel ones conceived during the
course of the project. Mechanical-vapor-compression machines in C;Iscade systems
and air-cycle systems are nonconventional systems in the sensf, that ' y are not used
for comfort cooling; however, such systems have been applied to .pec:,4l cooling tasks.

An open-cycle absorption system is the only system which can reject heat to a
warm-water heat sink with an extremely small power input. This absorption system
would be most useful during a sealed period, when the power source would have to be
the shelter occupantsor some kind of closed-cycle engine. The estimated cost of
equipment and materials is reasonable when sulfuric acid and water are considered as
the working fluids. The configuration of the acid-water unit would resemble the ab-
sorber shell of a conventional lithium-bromide-water absorption machine. Research
is needed to determine materials of construction, to establish methods for storing
concentrated sulfuric acid, to iesign the purging system for removal of noncondensable
gases, and to devise methods for disposing of spent sulfuric acid.

The refrigerant-vapor-engine system appears attractive for the sealed period if
an ice heat sink is required. The main advantage of this system is that it iies the heat
released by the shelter occupants as the source of energy to drive the system's water
pumps and air blowers. No oxygen would be required for either manual power or a
closed-cycle engine. Commercial heat exchangers could be used, but a vapor expander

and a refrigerant liquid pump would have to be developed. Expanders and pumps have
been built for specialized military and waste-heat-recovery applications.

An alcohol-vapor compressor is needed for use with an open-cycle mechanical
vapor-compression system which uses methyl alcohol as the refrigerant and heat sink.
This system has merit with respect to cost, safety, low maintenance, and high reliabil-
ity for cooling blast shelters needing a stored heat sink. Other than the compressor,

- the system could be assembled from commercially available equipment. A low cost
compressor requiring no lubrication appears to be the most desirable type. Develop-
ment of such a compressor shouLd not be too difficult in 'that it would be similar to
carbon-vane-rotary compressors used in vacuum service.

A cascade arrangement of two nearly conventional mechanical-vapor-compression
ma'hines could be used to reject heat to boiling water if power were available. This
system would be applicable to the situation in which a limited quantity of water was
available and when atmospheric air would be suitable only for combustion in an engine.
If the water'would have to be stored, the cost of its storage space in a blast-resistant
facility would be much less than the cost for storing other heat-sink materials. The
problems to be resolved are those associated with the operation of mec,,anical-vapor-
compression machines at high temperatures. Refrigerants and lubricants decompose
at-elevated temperatures and this is aggravated by their contact with some of the mate-
rials used in these machines. It is believed that the deterioration would not be signifi-
cant for the short-term operation in shelter cooling; however, data are needed to verify
this and to determine if other problems would arise.

... '
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An air-cycle system could be used to cool shelters if a large power source and a
large heat sink were available. Such systems are attractive because air is used as the
working fluid and because the stand-by maintenance for high reliability would be low.
The cost of the system and its power source would probably be high, but perhaps it may
be acceptable in view of the merits of the system. Relatively small high-speed centrif-
ugal compressors, expanders, and mechanical drives would have to be developed for
high efficiency and low production costs. For the water-cooled heat exchanger and air
pipiag, design details need to be established to incorporate commercially available
components into the system.

OEI
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INTRODUCTION

This section presents a detailed evaluation of methods for disposing of excess
shelter heat. Both technical and economic factors are covered in each of five major
categories:

1. Nuclear Radiation Effects

2. Stand-By Maintenance

3. Heat Sinks

4. Cooling System Components

5. Refrigeration and Dehumidification Devices

Nuclear radiation effects are discussed ith respect to cooling system working
fluids, electrical insulation, lubrication, construction materials, and the possibilities
of radiatibn being carried into the shelter area by the cooing system. Data are included
which show that radiation effects would be negligible for any of the cooling methods dis-
cussed in this report.

Standby maintenance is treated as a separate topic to facilitate coverage of
problems common to various cooling systems. Specific maintenance problems related
to particular components are covered later in the appropriate sections of the report.

The section on heat sinks includes data on the thermodynamic and physical prop-
ertie3 of materials, material costs, and requirements for associated or supporting
equipment. The equipment items discussed are those required to obtain and to maintain
the heat-sink material for subsequent heat absorption.

,a the "Cooling System Components" section, other equipment items which would
be needed to transfer heat from the air in a shelter to a heat sink are discussed. These
items include air-handling units, direct expansion coils, fans, pumps, air filters, blast
valves, and evaporative condensers.

The discussion of refrigeration devices covers various methods and machines that
can remove heat from a shelter and pump it to a sink having a temperature higher than



that of the shelter. Both conventional machines and unusual devices which are not

presently "used fur ordinar - comfort cooling are considered. Performance data, power

requirements, temperature limits, costs, and space requirements are covered. De-

humidification is closely related to refrigeration and dehumidilication devices' are also

covered in this section.



NUCLEAR RADIATION EFFECTS

Various studies havc been made of the probable radiation levels which would re.
sult from hypothetical nuclear attacks. (12-14) One study( 1 2 ) predicts that C",e chances
are less than I in 100 that the peak gamma flux would exceed 105 R per hr one hour
after a detonation. Although such estimates reflect the qualifying assmptions and the
mechod used to predict the radiation level, they are the best estimates available.

Assuming a peak gamma flux of about 105 R per hr, the corresponding integrated
gamma radiation exposure would be 2 x 105 R during a 2-week period. At these radi-
ation levels, it appears that equipment would not be significantly damaged from either
direct radiation or from that associated with fallout. For the probable radiation dura-
tion and level, the characteristics of materials used in cooling systems would be essen-
tially unchanged. Fluids flowing in coils exposed to radiation would not become radio-
active and, therefore, they would present no radiation hazard to o~cupants. Lubricants,
refrigerants, electrical insuiation, and snaft seals would not be s'Inificantly affected.

Structural metals would rot be physically changed by gamma~fux exposures of
less than 1012 R. Because the maximum expected integrated exposure is only 2 x 10 5 R,
the physical properties of the metals in structures and equipment would not be altered.

Also, no radioisotopes would be produced.

With respect to the functional properties ol' electrical insulation and lubricants,
radiation greater than 107 R is required to make any- change. Therefore, electric
motors, electric wiring, and lubricated bearings could be used outside of the shelter,
if expedient, without risk of failure due to radiation effects.

Refrigerants and refrigerant seals in mechanical cooling systems might sustain
some damage; however, they would still perform satisfactorily for a 2-week period. A
review of some experiments performed with refrigerant R-ll showed that initial break-
down of the refrigerant occurred when exposed to a gamma flux of l 5 x 104 R per

hr. (15) A cooling system was operated to determine the effects of this refrigerant
breakdown on system performance. The results showed.that a total exposure of 3.6 x
106 R was required before the efficiency of the system decreas ed and the compressor

began to -overheat. The overheating was probably caused by decomposition of the oil.

When ammonia is exposed to an equivalent of 109 R, only ap~roximately 3 per
cent of it will decompose into hydrogen and nitrogen. Thus, it appears that ammonia
would not be affected appreciably at 105 R.

.. Refrigerant seals, made of silicone or neoprene rubber, metal, or carbon can
withstand a dose of approximately 106 R before they lose their effectiveness.

While no problems are anticipated with irradiated water, it is expected that some
effects might be evident. Unfortunately, there are no definite data. Perhaps the most
significant effect would result if spray water were radiated in the presence of nitrogen.
Gaseous nitric acid would form, some of which would be absorbed in the water. How-
ever, it is believed that the quantities would be so small that corrosion of the wetted
surfaces would be negligible.

In a closed system, irradiated water might contain hydrogen and h)Jroxyl radi-
calr, as well as free hydrogen, oxygen, and hydrogen peroxide. Some of these would
be slightly corrosive; but again, corrosion would not be serious for a 2-week period of
operation.

| ! !
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STANDBY MAINTENANCE REQUIREMENTS

There is very little available information on the maintenance of cooling systems
that must be idle for long periods of time. The only real experience in th* area is that

acquired with commercial air-conditioning equipment. Many commercial units remain
idle for periods longer than six months: they are then put into operation without diffi-
culty. Whether this idle period could be extended appreciably depends largely upon the
particular equipment in question. Discussed below are general topi% related to
stand-by maintenance and preservation of equipment. Additional information concern-

in& specific equipment is included later in the appropriate technical discussions. How- I
ever, the information is incomplete. Much additional work is needed to develop re-
liable data. In the meantime, the treatment of the subject can be only speculative.

Corrosion of metals, the growth of mold and mildew, and moisture pickup by
electrical insulation are negligible in air when the relative humidity is below 30 per
cent. Suitable humidity could be maintained easily and economically in a water-tight I
shelter during a standby period. Solid desiccant or mechanical dehumidifiers could
be operated with commercial power.

Heat exchangers, pumps, and pipelir.!s handling water *could be preserved by
filling them with vater and adding a corrosion inhibitor. Ethylene glycol or brine
solutions could be used to prevent freezing. Saturated sorutions of sodium chloride
and calcium chloride have been found to be less corrosive than the dilute solutions.
Also, corrosion inhibitors are available for use with salt solutions. Pumps and heat
exchangers are available for handling fresh water or sea water, and these should be
adequate for any shelter application. [

For water or brine systems, corrosion inhibitors are available. These include
sodium dichromate, sodium nitrite, and mixed inhibitors such as sodium hexaneta-
phosphate with zinc chromate, or sodium benzoate with sodium nitrite. The best
selection of corrosion inhibitor in any particular instance depends upon the construc-
tion materials used in the system. For example, if there are lead-tin soldered joints
in the water-cooling system, sodium nitrite cannot be used alone but must be combined
with sodium benzoate. Similarly, if there are organic pump seals in the water system,
the level of the sodium dichromate has to be maintained below the point at which the
chromate will attack the seal. In shelter design, corrosion engineers, mechanical
engineers, and materials specialists should collaborate in choosing the best corrosion
inhibitor for particular systems.

Special precautions must be taken to assure proper functioning of electrical con-
tacts. Contacts can be kept free of corrosion by keeping them dry, hermetically seal-
ing them, or using corrosion-resistant materials. - -

Lubricated bearings are known to function satisfactorily if they are turned over
occasionally. In general, lubricated bearings can be statically stored at a relative
humidity of 30 per cent with no serious corrosion problems developing. Metal-to-metal
galling or fretting corrosion can occur in loaded static bearings subjected to severe
vibration. Under such circumstances, which probably would be rare in shelters, the
load should be removed from bearings. No time schedule for bearing exercise can be
specified. Bearings are known to function satisfactorily after nearly or' . year of idle-
ness on agricultural and processing machines which are used seasonally. It seems

SW M
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probable that a bearing made of low ductility metals and packed with. a moisture-

resistant, noncorrosive Elbricant could remain idle for years and still function reli-

ably when put into service. However, data are needed to verify this.

In settinv up a stand-by maintenance program, the enti: ! cooling syptem, in-
cluding the auxiliary power plant, must be considered. For example, heat exchangers
could not be filled with a corrosion inhibitor and sealed if the cooling system were to
be used as the load for exercising the auxiliary power system. Likewise, if the power
system was maintained by encapsulation, any other equipment i'equirin.6 periodic op-
eration would have to be driven by another power source.
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HEAT SINKS

The term heat sink is used to designate the medium which absorbs rejected heat.

Neglecting the insignificant amount of heat lost by radiation to the atmosph, re, all of

the heat removed from a shelter must be absorbed by the heat sink. This heat is mani-

fested in an increase in the enthalpy of the heat-sink material. The enthalpy increase

may result in a temperature rise, a phase change, or a combination of the two.

The term heat sink has taken on various meanings in the fieid oi air conditioning

and refrigeration because an explicit definition has not been required. Sometimes the

term is used to refer to a heat-transport medium, such as the air passing through a

cooling tower, or to a piece of equipment such as an evaporative condenser. For this

report, "heat sink" is defined as the medium which absorbs heat with a resulting in-

crease in enthalpy. In some circumstances the heat may be rejected from a shelter in

such a manner that the heat sink medium may be confused with a heat-transport medium.

For example, heat is carried away from a cooling tower by the atmospheric air, but the

heat is absorbed by the water during a phase change from liquid to vapor. Therefore,

the water is the heat-sink medium while the air is the transport medium in that it is

used to carry away the vapor.

In some instances, multiple heat sinks are utilized. For example, a high-

temperature evaporative condenser rejects heat to both the air and the wate." passing

through the condenser. The sensible heat of the air is increased by a temperature
rise, the water absorbs heat during a-phase change, and the vapor is carried away in
the air.

The characteristics of the heat sink determine the methods that can be used to

cool shelters and also affect the cost of the cooling system. Accordingly, a study was

made of the technical and economic aspects of using various available mediums as heat

sinks.

Technical factors of interest pertain to the thermodynamic and physical proper-

ties of the materials. Economic factors include the cost of artificial materials for

heat sinks and the cost of appropriate storage facilities. Equipment needed to transfer

the heat to the heat sink is discussed in the "Cooling System Components" section.

For this study, heat-sink materials were divided into four categories as follows:

1. Earth

. Atmospheric air

3. Water, natural source

4. Stored materials.

The first three, earth, air, and water, are available naturally, therefore, only

their heat-absorption characteristics need to be evaluated.

The fourth type, stored materials, necessitate evaluation on the b-sis of their

useful temperature, quantities required, storage requirements, and costs.

/
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EARTH

On first examination, the earth may seem to be a good heat sink for shelter cool-
ing systems. The earth has been used as both a heat source and a heat sin' for resi-
dential heat pumps but only to an extremely limited extunt. It has not been widely used
as a heat sink in commercial applications because of its low thermal capacity, its un-
predictable thermal properties, and its unfavorable economic aspects. The coot of
installing and maintaining an underground heat exchanger is higher tl, that of provid-
ing an aboveground heat exchanger cooled by air or water. For shelter cooling sys-
tems, the blast resistance of earth heat sinks should not be overlooked in over-all
evaluations, but it seems doubtful that this advantage can justify the higher costs in-
volved. Costs are discussed in the section "Cooling System Components".

The properties of the earth which most significantly affect its use as a heat sink

are:

1. Thermal conductivity

2. Density

3. Specific heat

4. Temperature.

The thermal conductivity is the most important property affecting the rate of heat
flow through the earth. The thermal conductivity of moist soil is several times that of
dry soil; however, moisture migrates through the soil in the same direction that heat
flows. Therefore, the thermal conductivity of the soil decreases with use. In addition,
as the soil dries, its volume decreises causing the soil to crack and withdraw from
heat-exchanger surfaces. The resulting air spaces further reduce heat transfer be-
tween the heat exchanger and the soil. Thus, except for permanently wet or marshy
soils or in instances where the heat exchanger could be buried below the wate: -table
depth, underground heat exchangers should be designed for dry soil to insure sufficient
heat-sink capacity in continued use.

Table I shows the thermal properties of various types of earth and stone. Stone
is included to show that its properties are quite similar to those of soils. From the
table it can be seen that the thermal conductivity of the dry soils varies considerably
with composition and moisture content, the value being between 0. 085 and 0. 225. The
heat-transfer rate through the soil is nearly proportional to the thermal conductivity.
This wide range of values attests to the uncertainties which surround the design of a
reliable yet minimum-cost earth heat sink. 4

I
I
I
I
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TABLE 1. THERMAL PROPERTIES OF VARIOUS SOILS( 1 7 - 19 )

Thermal Conductivity, Density, Specific Heat,
Soil Btu/(hr sq ft F/ft) lb/cu ft Btu/lb F

Average dry soil 0. 175 95 0.20

Low-conductivity dry soil 0. 085 86 0.19

High-conductivity dry soil 0. 225 126 0. 18

High-conductivity wet soil 1.16 142 0.25

Granite 1. 0 to Z. 3 165 0'.195

Dry sand 0.19 90 to 120 0.195

Limestone 0. 2 to 0.75 155 0.215

Marble 1. 2 to 1. 7 170 0.210

Lava 0.49 ....

Concrete 0.50 to 1.0 144 0.156

Earth temperature is another major factor that affects the use of the earth as a
heat sink. The minimum and maximum earth temperatures that can be expected at a
6-foot depth throughout the United States are about 35 and 90 F. (16) In many sections
of the country the cooling system would have to utilize a refrigeration machine to in-
crease the temperature differential between the fluid circulated in the coil and earth
for heat transfer.
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ATMOSPHERIC AIR

Atmospheric air is the only universally available heat sink, although its temper-
ature and humidity levels tend to limit its usefulness in some geographica" areas.
Contamination of the air by bomb bursts, fire, and chemical and biological warfare !
agents must also be considered.

Two methods for utilizing atmospheric air are: (L) the direct ,'.oling of the .
shelter by ventilating air and (2) cooling of the condenser or high-side heat exchanger
of a refrigeration machine. A corollary of the first method is evaporative cooling of 3
inlet ventilating air wherein water is also used. Evaporative cooled air can absorb U
nearly twice as much heat as atmospheric air.

The temperature of atmospheric air is the only physical property which requires
discussion here. Air temperature tables are published in the 1963 Edition of the
ASHRAE Guide( 2 0 ) and these data were used for calculations in this study. These
temperatures were measured and recorded by various weather stations throughout the
United States. I.
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WATER, NATURAL SOURCE

Natural sources of water may be used as heat sinks in one of several ways de-
pending upon the quantity available, the temperature, the chemical compooition, and the
solid content. Possible methods range from rejecting heat to large quantities of cool
water, with a small water temperature rise, to rejecting heat to relatively small quan-
tities of possibly warmer water by taking advantage of the high latert heat of vaporiza-
tion. In all cases, commercial equipment is available and expe-ien.,, has already
established the requirements for designing such cooling systems.

Consideration of water as an available heat sink implies that an ample supply is
reasonably accessible and that the supply as well as the equipment for using the water
will remiain operational after the standby period and after an attack, Determining
locations of water resources and assessing the probable effects of blast were not within
the scope of this research program. Also, inasmuch as the techniques for using water
from lakes or rivers is reasonably well established, the following discussion is limited
to the use of water from wells.

Techniques for drilling and maintaining water wells have been developed pri-
marily because of the need for water by small cities and industries located in regions
where supface water is not available.

Well capacity can be adequately predicted by drilling test wells. Test wells can
also show the structure of the water-bearing earth or rock strata. The earth or rock
stru cture and the chemical content of the water establish whether or not the well char-
acteristics are likely to change with use, or with time and nonuse.

The only concern with the standby maintenance of wells might be the buildup of
chemical deposits and corrosion in the well equipment. Basically, water is classified
as being "hard" or "soft" from the percentage of mineral matter in solution. The
minerals commonly found in solution include: the carbonates of calcium, sodium,
potassium: rnnesium, iron, and manganese; the chlorides of calcium and sodium;
and the sulfides ot iron and magnesium.

Other contaminates include various dissolved gases, including natural gas,
sulfur dioxide, and hydrogen sulfide. Water containing these gases is not necessarily
"hard". The presence of sulfur compounds may also indicate the presence of sulfuric
acid. Chlorides in the water indicate the possible presence of hydrochloric acid.

Carbonates, in the presence of air, tend to deposit as scale on metallic parts..
There should be no problem with shelter cooling equipment which would be operated
for a two-week period. However, deposits would build up in well casings if the water
level fluctuated. Each time the level was lowered the water remaining on the walls of
the pipe would evaporate and leave its chemical constituents. These chemicals would
not be dissolved by the water when it rose again and, therefore, the deposit would grow.
For many wells the deposits at any one location would be so small to be of no conse-
quence. However, with high-chemical-content water the deposits could become seri-
ous. It seems probable that the rate of chemical deposition would be negligible if all
openings to the well were sealed to prevent any circulation of air to the water surface.
Thib would eliminate the evaporation which is necessary for deposit formation.
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Beyond the scope of this report, and in need of a great deal of further research,
is the subject of the deposi:ion of iron compounds through the action of crenothrex
bacteria. In a few wells, tne casing walls have become so encrusted with iron sludge
that it w, almost impossible to remove the pumps. The best preventive is the fre-
quent and heavy introduction of chlorine into the well. The time interval, , -nount cf
chemical, and method of introduction seems to be controversial.

The best method of using the water would depend upon the water temperature,
the quantity available in relation to the heat load, and the cost oi pro, .::ing the water.
AF )- been stated, it is beyond the scope of this report to list the availability of water
rt es at various locations. However, the temperatures of surface and ground
wa the continental United States have been plotted, and piping and power costs can
be a. .uately estimated. Details on the various methods for using water and the cost
of the equipment to build up the cooling systems are presented in the section on "Cooling
Systems". Therefore, at this point, it is of interest to examine the temperature range
of naturally available water.

Figures 4 and 5 show the average well water temperature and the average surface
water temperature for the months of July and August. Of particular interest are the
areas where water temperatures are below 70 F. Well water temperature is below
70 F throughout the United States except in the extreme south. Throughout the sum-
mer, surface water temperautres remain below 70 F in the northwest and extreme
north. Water at temperatures below 70 F could be used in a heat exchanger located in

the occupied shelter space to maintain an effective temperature of 85 F.

The cost of wells and their approximate pumping capacities are generally known
by the water developers in their respcrtive areas. No adequate account of these factors
could be included in this report. However, a good "rule of thumb" value for the cost of
drilled wells is $1 per ft of depth per inch of casing diameter. Approximate capacities
and costs of representati-o wells are given in Table 2.

TABLE 2. APPROXIMATE CAPACITIES AND COSTS OF WELLS

Cost of Well,
Diameter Casing, Maximum Capacity, dollars per gpm per

inches gpm 100 ft of well depth

6 IZ5 4.80
8 300 2.66

10 500 2.00
12 . . . 1,000 1.20

20 2,000 1.00 -.

771P . -I A
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STORED MATERIALS

With low cost a prime consideration in shelter construction, ice and water are the
best stored materi ls for general use as heat sinks. Under some circumstances, how-

ever, methyl alcohol or ammonia might be considered. These cor.ch'sions were made
following a thorough search for materials which could be used a3 heat-sink media from
both economic and practical standpoints. The search for other materi'.;is was stimu-
lated by the unique shelter cooling requirements for a 14-day period )C operation, the
possibility of the shelter's being sealed from the atmosphere for Z4 hours, the long
standby period, the need for reliability, and the high capital cost and maintenance re-
quirements of conventional cooling systems with their auxiliary power systems.

Literally hundreds of materials were evaluated using the physical and thermo-
dynamic properties listed in chemistry and physics publications, and cost estimates
obtained from manufacturers and suppliers. Factors considered are:

I. Pressure and temperature for phase changes

2. Specific heat

3. Heat of fusion

4. Heat of vaporization

5. Storage requirement

6. Toxicity

7. Flammability

8. Cost.

A discussion of the techniques of employing only ice, water, alcohol, and
ammonia as stored heat sinks would leave this subject incomplete. Unanswered would
be questions concerning the use of well-known heat-absorbing materials and the possi-
bilities that, with some innovation, a heat-absorbing material having a secondary use
could be utilized. An example of the latter would be the storage of liquified petroleum
gas which would absorb heat during evaporation and subsequently be used as fuel for an
auxiliary power system. Numerous possibilities exist which are technically feasible
but which are not applicable for practical reasons.

Cost considerations alone eliminate the use of many materials as stored heat
sinks. From strictly practical considerations, ice surpasses any other material. In
fact, ice is nearly ideal in that no hazards are involved with its use; it could be used as
the source of potable water; very little eqiipment and power are required to utilize it
as a heat sink; and present technology and equipment are adequate for designing and
constructing ice-sink systems. Therefore, if any material is to be superior to ice, its
total requirements for use must be less costly. These requirements include the cost
of the material, its storage facility, and the equipment required to utilize it. These
facto:s are discussed for the following materials:
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1. Ice

2. Water

3. Methyl alcchol

4. Refrigerants

5. Fuels

6. Compounds which react endothermically

7. Other materials.

ICE

As was indicated previously, in many respects an ice heat sink would be nearly
ideal for cooling shelters. Low-power requirement, safety, supply of potable water,
and equipment available for building a cooling system are some of the more obvious
advantages. Somewhat less obvious are the facts that ice may well be the only practical
heat sink during a sealed period, and that an ice sink for such a period could be utilized
by the chilled-water diatribution system which was part of a refrigeration cooling sys-
tem. Details of the application of ice to example shelter-cooling situations are dis-
cussed in the section entitled "Cooling Systems". Included here are the heat transfer
and cost considerations directly related to the heat-sink facility.

To a limited extent, ice is used for comfort cooling in churches where the cooling
load is large but of short duration. In some instances, ice is obtained from an ice
company, but in cthers ice is made continuously on the site during nonuse periods by a
small refrigeration system. Therefore, the ice-making refrigeration system can be
considerably smaller and less expensive than a comfort-cooling refrigeration system
which would be large enough'to handle the short-term cooling load. The experience
gained from the design and operations of these systems would be applicable for cooling.
shelters. One point worth mentioning here is that the heat-transfer rate between still
water and a piece of ice would be between 30 and 40 Btu per hr per sq ft per F temper-
ature difference. This is not high enough for complete utilization of ice floating in
water. Therefore, circulation of the water over or around the ice would be necessary.

Maintaining a supply of ice would require some combination of a refrigeration-

machine and insulated storage space. During the standby period, the refrigeration
machine could be run by commercial power and attended by local service organizations.
The size of the refrigeration unit and the power to operate it would depend primarily
upon the thermal insulation of the storage space.

Insulation materials, their thermal conductivity, and their approximate installed
cost for ice storage are:

11A
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Installed Cost,
Thermal Condiirtivity, $ per sq ft per in.

Material Btu/(hr sq ft F/in. ) of thickness

Cork 0.27 0.35 to 0.40

Polystyrene 0.29 0. 35 to 0. 40

... .. ........Polyurethane 0.15-0.80

Cork and polystyrene have been used for some time for cold storage insulation.
Polyurethane is relatively new on the market and at the present time it costs approxi-
mately twice as much as cork or polystyrene. However, its higher cost is offset by its
lower thermal conductivity, so the cost of insulating a storage facility is nearly the
same for all three. The cost of polyurethane reflects the nature of the material and
the manufacturing processes; therefore, its cost relative to the cost-of other materials ..
probably will not decrease appreciably.

Because the cost of applicable insulation iq direztly proportional to its thermal
resistance, the heat loss from an insulated storage space would be inversely propor-
tional to the insulation cost. Therefore, the approximate heat loss in terms of tem-
perature difference and insulation cost is:

Heat Loss, - 0. 11 x temperature difference across insulation
Btu per hr per sq ft insulation cost, $ per sq ft

For example, if the temperature difference between the outer and inner surfaces of a
buried ice tank is 25 F (55 F - 30 F), and if the tank is insulated with 6 inches of cork
which costs $2.40 per sq ft, the resultant heat loss would be:

0. 11 x25 Btu__
Heatloss : . 1= 1.1 5 Btu2.40 hrsqft

With this heat loss through storage chamber walls, a refrigeration device driven
by a 1-hp motor would be required to maintain a volume ice having a heat- storage
capacity of I x 108 Btu. A heat sink having a capacity of x 108 Btu would be adequate
for storing the entire heat load from approximately 60 pe le for a period of 14 days.
The cost of the refrigeration device to maintain the ice w Id be a negligible part of the
total cost of such an ice heat-sink cooling system.

The total storage costs for ice would depend upon th structural . equirements of
the storage chamber.- No-requirements or cost data are a ailable for structures which .
would be satisfactory for storing ice. However, storage chambers would be adequate
if they were of the same construction as the shelter. Storage chamber costs were de-
termined from published estimated shelter costs which are as follows:

Type of Shelter Shelter Cost, $ per cu ft

Fallout 0.70

Blast, 30 psi 4.00

Blast, 100 psi 7.00

- .. .. " ' )i " " :" .



Figure 6 is a plot of the estimated cost of storing ice in various types of struc-

tures with the equivalent of 4 to 8 inches of cork insulation. About 160 Btu of heat

could be absorbed per pount, of ice if the final water temperature were 50 F. Ice

weighs about 56 lb per cu ft. Near cities, ice can be purchased in large quantities at

about $8 per ton delivered. This would make the ice cost about $0. 025 per 1,000 Btu.

WATER

Water has the highest specific heat and the highest latent heat of vaporization of

any known material. These thermodynamic properties along with practical and eco-
nomic considerations place water in a class far above most other materials. In fact,
the phase change temperature is the only property which could be surpassed.

The method of using water as a heat sink would depend primarily upon the avail-

ability of atmospheric air. The latent heat of vaporization could be utilized best with

evaporative coolers or with a combination of a refrigeration machine and a cooling

tower or a spray pond. All these arrangements require the use of atmospheric air to

absorb the water vapor and for combustion air for a power system to drive equipment.

It seems unlikely that substantia.1 quantities of power would be available at a time

when atmospheric air could not be used for carrying off water vapor. But, if such. a

condition did exist, a refrigerant machine could be used to pump heat into a quantity of

water to raise its temperature or even to boil the water at a pressure slightly above

atmospheric pressure. The porsibilities of using refrigeration machines with sink

temperatures up to 212 F are discussed in the section on "Refrigeration and Dehumid-

ification Devices".

With numerous methods for utilizing stored water being technically feasible, the

practical uses are defined by the economic factors. The cost of water storage in vari-

ous types of facilities are shown in Figure 7.

The costs of the underground. steel tanks are typical of those for fuel storage at

service stations. The cost of burying such tanks is about the same as for providing

foundations for aboveground installations. The costs of the open tanks we're assumed

to be the same as for swimming pools having the water surface at ground level.

The underground steel tanks and the open tanks were assumed to have no blast

resIstance.

METHYL ALCOHOL

Methyl alcohol is one unconventional heat sink that may be applicable for cooling

shelters. It can be used in two ways; in a cooling tower at atmospheric pressure, and

in an open-cycle mechanical vapor compression refrigeration device at below atmos-

pheric pressure. Both methods utilize the latent heat of vaporization of the alcohol.

i,¢ 1!
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Methyl alcohol sprayed through a cooling tower could leave the tower at a tem-
perature low enough for diiect cooling of a shelter. This would offer a way to reject
heat from a shelter to the atmosphere, even on a hot summer day, without a refriger-

ation machine. The effectiveness and the cost of this method would vary with the tem-

perature and humuidity of the atmospheric air. Cooling towers and method, for dis-

posing of the toxic air-alcohol vapor mixture would have to be developed. Methyl

alcohl properties pertinent to its use in a cooling tower are:

Specific gravity 0. 792

Boiling temperature 149 F at 14.7 psia

Heat of vaporization 473 Btu per lb at 75 F

Estimated cost $0.045 per lb

Vapor pressure 122 mm of Hg at 75 F.

The vapor pressure of methyl alcohol is about 6 times the vapor pressure of

water; this suggests its use as a heat sink in conjunction with a cooling tower. An

alcohol-air psychrometric cha-rt shows that alcohol would be cooled to about 50 F by

vaporization into dry air. However, such a chart is not generally applicable because

vaporization of alcohol in atmospheric air would be complicated by the presence of the

water vapor. Alcohol has a high affinity for water. Whensprayed into the air the

alcohol would partially -laporate, but at the same time it would absorb water vapor.

The solution circulated through the tower would reach an equilibrium composition of

water and alcohol depending upon the moisture content of the air and the temperature

of the alcohol-water solution.

Figure 8 is a logarithmic plot of the partial pressures of methyl alcohol-water
vapors over methyl alcohol-water solutions. Partial pressure data of the mixture are

not published below 200 mm of mercury and the lower pressures are of concern for

this application. Therefore, the chart shows the results of calculations made from

data for the pure liquid ext,'-)olated into regions where experimental evidence is lack-

ing. The lines on the chart a,.)pear logical and indicate reasonable values; however,

experimental data are needeo to establish the validity of the extrapolation.

Because alcohol %ibsc.-. s water vapor, the alcohol content of the alcohol-water

mixture in the c:2olin, tower would have to be maintained by discarding some of the

mixture and by adding pure alcohol. In effect, this lowers the quantity of heat which

could be absorbed from the shelter with a given supply of alcohol. The quantity of heat

which could be absorbed per pound of alcohol used would depend upon:

1. Temperature of aicohol-water mixture leaving the tower

2. Concentration of alcohol in the alcohol-water mixture

3. Wet-bulb temperature or moisture content of the air

4. Dry-bulb temperature of the air.

Figure 9 shows a plot of the heat which could be absorbed per pour-i of alcohol

used with atmospheric air at 78 F wb and 96 F db. This example uses temperatures
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typical of a hot humid day. For the calculations it was assumed that complete temper-
ature and mass-transfer etiilibrium were reached between the alcohol, water, and air.
For best utilization of the alcohol, the mole fraction of alcohol in the alcohol-water
mixture should be between 0. 4 and 0. 5.

500

Temperature of OIcohol-water mixture

- 400 lovi.q t o0w F

- 3000F

200

90t Atmos heric air

S96 F dry bulb
7S F wet bulb

-I I I I I
0 0.2 0.4 0.6 0.5 1.

Mole. Fraction of Alcohol. In the Alcohol-Water mixture Isvlng
towir

FIGURE 9. OPERATING CHARACTERISTICS OF A
METHYL ALCOHOL COOLING TOWER

At a constant atmospheric air temperature, the amount of heat which could be
absorbed from the shelter per pound of alcohol used decreases with decreasing tem-
perature of the alcohol-water mixture leaving the tower. This is caused primarily by
an increasing amount of water vrpor from the atmospheric air being absorbed by the
liquid alcohol. Consequently, at lower mixture temperatures more alcohol-water mix-
ture would have to be discarded and more pure alcohol added to maintain the optimum
.lcohol concentration. Secondarily, a larger portion of the latent heat of the alcohol

-would be absorbed by the atmospheric air passing through the tower. For effective
cooling of the shelter air, the temperature of the alcohol-water solution leaving the
tower could not exceed 75 F.

Maximum utilization of alcohol would be obtained with completely dry air enter-
ing the cooling towcr. -This could be approached by dehumidifying the inlet air with
possible regeneration of the dehumidifier by heat obtained by burning the alcohol vapors
leaving the tower. While this could be done, the cost of the dehumidifier would be
greater than the saving in the cost of the alcohol and its storage facility.

The performance characteristics of an alcohol heat-sink system using a cooling
tower can best be shown by an example. For this example, the atmnspheric air was
assumed to have a dry-bulb temperature of 96 F and a wet-bulb tempera :re of 78 F.
It was also assumed that the cool solution leeving the cooling tower would be at a tem-
perature of 75 F.

/°
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Figure 10 shows the performance characteristics of the system operating at the

assumed conditions. The, e calculated results were obtained by the use of the chart in

Figure 8 to determine heat and mass-transfer balances. The temperature of the cool

solution was chosen as 75 F for this example because: (1) higher temperatures could

not be used in the shelter heat exchanger (70 F would be more applicable), and (2) lower

temperatures would require higher.alcohol concentration, thus larger quantities of

alcohol would be discarded.

- The flow-rate data reveal that the design of an alcohol cooling i.-wer would be

considerably different from that of a conventional water cooling tower when compared

on the basis of heat transfer. For a heat-transfer rate of 1,000 Btu per hr, the flow

rates would be:

Ideal Alcohol Tower Typical Water Tower

0. 66 gpm circulate 0. 25 gpm circulated

alcohol-water mixture water

4. 8 cfm atmospheric air 25 cfm of atmospheric air

The circulation rate of the alcohol-water mixture is higher because, for this ex-

", ample, it was used with a 5 F temperature differential. The air-flow rate for the

alcohol tower would be about one-fifth that for the water tower because of the relatively

large quantity of alcohol vapor which could be removed by the air. Therefore, water

cooling towers would not be applicable for use with alcohol. Rather, new configura-

tions would have to be established to fully utilize the latent heat of alcohol for absorb-

ing heat from a shelter.

Methyl alcohol is toxic to humans. The tolerance limit in air is 100 ppm for

continuous exposure. This excludes the use of an alcohol tower under circumstances

where the air leaving the tower could pass into the shelter ventilating air system.

Methyl alcohol is flammable over a relatively wide range of fuel-air ratios. Ex-

plosive limits are between 6.7 and 36.5 per cent by volume of alcohol in air. The

water vapor in atmospheric air would not appreciably affect the explosive limits. The

flammability of alcohol presents another danger but it also suggests a possible dis-

posal method. The mixture leaving the cooling tower could be kept within the flam-

mable range and the vapors destroyed by burning in a combustion chamber. This does

not preclude the necessity of preventing ignition of the vapors within the tower. Flash

arresters installed at both the inlet and outlet of the tower might be adequate, but a

thorough study of fire prevention methods is needed.

With a required air-flow rate of only 5 cfm per 1,000 Btu per hr of heat absorbed,

it might be advaz.tageous to install the tower in the shelter structure providing ade-

quate provisions were made to protect against blast and fire. Otherwise, extremely

costly tower construction would be required to withstand blast pressures and to exclude

fire.

The cost o' -iroviding alcohol as a heat sink would include the cost of alcohol and

the storage cos * - which would be the same as for water storage. Assuming that in a

coolirg tower oi pound of alcohol would absorb 300 Btu of heat from t1 shelter, the

total costs per 1,000 Btu would be:

ii
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Makeup alcohol, Worm solutions80 F, from shelter
0.1270 lb. heat exchanger, 0.50 mole fraction

alcohol

Coolina Tower

ir- Saturated air96 F db 7

78 F wb I I. dry air
I lb. dry air I --- / 0.0119 lb. water vapor

0.0165 lb. water vapor " - -- / 0.1183 lb. alcohol vapor

Cool solution, 75 F,
to shelter heat exchange

Discard, 75 F,

0.0087 lb. alcohol
0.0046 lb. water

Heat absorbed from shelter:

45.66 Btu per lb. of air flow
360 Btu per lb. of alcohol consumed

3.9 Btu per lb. of alcohol-water circulated
A-46199

FIGURE 10. CALCULATED EQUILIBRIUM CONDITIONS FOR
ALCOHOL COOLING TOWER
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Cost, dollars per 1,000 Btu

Alcohol 0.15 0. 15 0.15

Underground steel tank 0.06
30-psi blast sztorage 0. a
100-psi blast storage - - 0.47

Total 0.21 0.42 0. 62

As was previously pointed out, methyl alcohol can also be used an open-cycle
mechanical-vapor-compression refrigeration device. A system of this type would

oper le at below atmospheric pressure. In Figure 8 it can be seen that at a pressure

of 1. 4 psia methyl alcohol boils at a temperature -of 60 F. If this boiling is made to

occur in a heat exchanger, direct cooling of the shelter ventilating air is possible. At

1.4 psia the latent heat of vaporization of the alcohol is 500 Btu per pound. Therefore,
the cost of providing alcohol as a heat sink for use in an open-cycle refrigeration de-

vice would be:

Cost, dollars per 1,000 Btu

Alcohol 0.09 0.09 0.09
Underground steel tank 0.04
30-psi blast storage 0.16

100-'psi blast storage - - 0. 28

Total 0.13 0.25 0.37

Venting of alcohol vapors to the atmosphere would present fire and toxicity haz-

ards similar to those associated with using alcohol in cooling towers which was dis-
cussed previously.

The equipment required to utilize methyl alcohol at low pressures is discussed in

the "Refrigeration and Dehumidification Devices" section.

REFRIGERANTS

Many refrigerants have atmospheric pressure boiling temperatures well below the

required shelter temperature. Such liquids, stored in underground pressure tanks,

could be throttled through direct expansion coils to absorb heat from a shelter space.
- ---- - . . The vapors would be vented to the atmosphere. However, the cost of these materials,

ammonia being a possible exception, make such an operation prohibitively expensive.

Table 3 shows physical and thermodynamic properties and costs of various

refrigerant-type materials. With the exception of propane and ammonia, the costs of

the refrigerants alone are much greater than th4e cost of ice and its storage facilities. *

Propane can be eliminated because its cost is nearly eight times that of ice and, in

addition, its storage costs would be at least twice that of ice. On a volume basis, pro-

pane Would absorb about 5,000 Btu per cubic foot compared with 9,000 Btu for ice.

/ 16 *Cost of ice - $0.025 per 1.000 Btuc/ Cost of ice storage facility - fallout shelter, $0. 19: 30 psi blast shelter, $0. 55: 100 psi blast shelter, $0.90.

- -J .,.
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TAB.E 3. PROPERTIES OF REFRIGERANT-TYPE MATERIALS

Properties of Liquid Heat Absorption
at 55 F From and

Pressure, Density, at 55 F, Estimated Cost,
Refrigerant psia lb/cu ft Btu/lb $ per 1,000 Btu

Ammonia (R-717) 98.1 38.8 543 .. 0.09
Butane (R-600) 2 23.8 -36.6 163 --- 0.93
Carbon dioxide (R-744) 698.9 5Z.2 113 0.6S
Ethane (R-170) 466.1 22.7 294 4.80
Ethylene (R-1150) 840.0 11.4 91 8.30
R-12 66.7 84.5 66 1.50
R-13 390.8 63.0 45 16.60
R-Z 17.0 87. 1 103 7.35
R-22 108.0 77.4 88 8.65
R-114 20.7 93.2 57 13.20
R-500 78.9 74.'9 79 9.60

Methyl chloride (R-40) 56.8 .58.4 17Z 2.33
Nitrous uxide (R-744A) 632.5 50.8 117 6.45
Propane (R-290) 99.3 32.0 166 0. 1800
Propylene (R-IZ70) 119.0 32.6 169 3.30
Sulfur dioxide (R-764) 37.1 87.4 159 1.90

(a) Propane cos may vary from $0.01 to $0.04 per pound depending upon location.

Anmor.ia has a heat-absorption capacity of 21,000 Btu per cubic foot. Buried
ammonia storage tanks would cost about $4. 50 per cubic foot or the equivalent of $0. 2Z
per 1,000 Btu of cooling capacity. Therefore, the total storage and ammonia cost would
be about $0.31 per 1, 000 Btu. This is more costly than the total for ice in a fallout
type of storage structure, but less than ice o storage structures similar to blast
shelters. 4

The hazard of ammonia storage and subsequent use for shelter cooling could not
be fully evaluated during this research program, but a few comments are in order.
The threshold limit( 2 1 ) of maximum allowable concentration for ammonia vapor in air
is 100 ppm for an 8-hour daily exposure. For continuous exposure, the limit would be
50 ppm or less. Therefore, absolutely no leakage would be permissible within the
shelter and the exhausted amrnmnnia vapor could not be allowed to contaminate the
ventilating air supply. ContamLiation of the ventilating air would not be a problem
during a sealed period, and with a properly designed exhaust system it would not be a
prowlem during normal operation. Because ammonia vapors are less dense than air,
a rather simple exhaust system could be used.

Ammonia vapors could also be disposed of by burning. However, burning would
produce gases even more toxic than the P monia vapors. Nitrogen dioxide which would
be formed has-a threshold limit(2 -) of 5 pi--n for an 8-hour exposure daily. Also,
ammonia burned in the presence of hydrocarbons forms hydrogen cyanide for which the
threshold limit( 2 1) is 10 ppm. Therefore, it seems unlikely that burnin e the ammonia
would be practical, even though the total quantity of toxic products would be less than
the quantity of ammonia burned.

I '•.,
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If a large quantity of water were available, provisions could be made to absorb

the ammonia vapor in the vater, forming ammonium hydroxide. The latent heat of the

ammonia vapor and the heat of solution would both have to be absorbed by the resulting I
ammonia hydroxide. For example, if one pound of ammonia vapor were absorbed in
six pounds of 70 F water, the resulting temperature would be 140 F.

FUELS I

Hydrocarbon fuels, with the exception of the methyl alcohol which was discussed I
previously, would not be satisfactory heat sinks. They are not suitable either alone as
heat sink materials or as a combination heat sink and fuel supply for an auxiliary power t
system. The reasons are:

1. Fuels are too expensive to be used strictly as heat sinks

2. Fuel quantities required for engines would be too small for significant
heat-sink capacity

3. Fractional distillation of some fuels used as heat sinks might hamper
engine operation

4. Fuel vapors released into the atmosphere would cause fire hazards.

Table 4 is a list of typical hydrocarbon fuels and their pertinent properties.
Estimated costs are included.

TABLE 4. HYDROCARBON FUELS

Specific Boiling Temp Heat of Cost as
Gravity at 14. 7 psia, Vaporization, Heat Sink,

Fuel Liquid F Btu per lb $ per 1,000 Btu

Butane 0.579 31 156-165 0.20
Ethane 0.546 -127 175 4.80

Ethyl alcohol 0.785 17Z 367-396 0.25
Fuel oil 0.82-1.00 350-700 80-120 0. 25

'Gasoline 0.70-0.75 100-400 116-145 0.30
Kerosene 0.78-0.82 200-600 90-110 0.30
Methane . 0.424 . .- 258 .248 . . *. . . 30.

Methyl alcohol 0.792 149 482-502 0.09

Propane 0.582 -44 147-167 0.18

All of the fuels are considerably more expensive than ice as a heat sink. There-
fore, a fuel heat sink could be justified only if the fuel could also serve another purpose.
The only possibility seems to be its subsequent use as fuel for auxiliary engines. How-
ever, the heat absorption capabilities of fuels are low and, therefore, a much larger

/ J''
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quantity of fuel would be needed for use as a heat sink than would be needed for fuel
for ai ainixliary power sy- tem. The shaft energy which would be obtained from a

* given quantity of fuel is from 12 to 80 times the latent heat of vapurization of the same
quantity of fuel. Therefore, no work was done to evaluate any method for using fuel
as a heat sink in conjunction with its use as a fuel.

COMPOUNDS WHICH REACT ENDOTHERMICALI.'4'

Compounds which provide endothermic reactions are too costly for consideration
as shelter heat sinks. Various compounds could be separately stored at earth temper-
ature and produce a cooling effect when mixed. (22) Typical combinations are: ammo-
nium nitrate and water; sodium nitrate and dilute nitric acid; ammonium nitrate,
sodium carbonate, and water; sodium sulfate and dilute sulfuric acid. However, the
cooling effect would be so small compared with the 4ost-of the materials that such heat
sinks are not applicable.- • . liI

Ammonium nitrate mixed in equal parts with aer produces a typical endothcrmi
reaction with a heat absorption capacity of about 47 Btu per-pound of mixture. Amnmo-
nium nitrate costs about $0. 034 per pound or in terms of cooling capacity, $0. 36 per
1,000 Btu. This is more than 13times the cost of ice.

OTHER MATERIALS

Many chemical compounds absorb heat with a phase change at attractive temper-
atures. Ones with phase changes between 55 and 70 F could be stored underground at
ambient temperatures and could be used to absorb helt by conduction and convection
directly from the shelter. Others with phase changes between 70.and 120 F could be
utilized with conventional refrigeration machines. Ones with phase change tempera-
tures above 120 F would require custom refrigeration machines although these could
be made up of conventional components. Even though all these technical possibilities
exist, these heat-sink mediums are too costly for srch applications. Because of this,
the technical problems of heat transfer and storage requirements associated with them
were not studied. '

Table 5 is a list of a few of the many compounds studied which undergo phate
.changes at temperatures between 32 and 212 F. Their pertinent properties as 1. at

sinks are included. Ice, water, and methyl alcohol have been included to show their
cost and storage volume advantages over all the other materials.

Sodium sulfate decahydrate, sodium carbonate decahydrate, and calcium chloride
hexahydrate are crystalline substances which have been previously considered as heat
storage materials. (24) Because of this, and also because these are among the least
expensive materials being considered here, a few comments about them follow.

During a phase change with the addition of heat, the hydrates change in crystallin
structure. Essentially some of the combined water is driven out of the crystals and a
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solution of water azd the salt is formed. When subst.a.uently cooled, some, but not all,

of the salt retursi to the hydrate crystal. Therefore, with each cycle of heating and

cooling, the quantity of hydrite decreases. This is one drawback to their use as a

heat storage material for commercial applications. This would be no problem for the

shelter cooling application because no cycling would take place. However, this' property

would need to be considered in the shipping and handling of the hydrates prio to their

being sealed in underground storage chambers.

Only the sodium sulfate decahydrate is commercially available in large quantities,

but sodium carbonate decahydrates and calcium chloride hexahydrate cn Id be produced

if the need arose. The anhydrous form of these chemicals, which is readily a v ail -

able, could not be mixed with water to form the desired hydrates. No significant tech-

nical problems are foreseen regarding efflorescence or deliquescence of the hydrates

during shipping and handling if it is done according to well-established methods. Pro-

longed storage would be possible in sealed containers at temperatures below the phase
change temperature.

Solid sulfuric acid is an attractive material in that it has a melting temperature

of 47 F. However, its cost is about six times that of ice. The storage volume, insu-

lated storage facility, and refrigeration machine needed would be about the same as for

storing ice. Because of its much higher cost it is not a desirable heat sink material.

.7.
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COOLING SYSTEM COMPONENTS

This section covers the -technical and economic aspects of cooling system com-
ponents other than refrigeration devices. Among these are heat exchange, s, pumps,
blowers, motors, and air filters which can be combined in a variety of ways to make up
cooling systems. These components can be divided into three classes: (1) novel or un-
conventional, (2) conventional, operated at other than design ccnditiorns, and-(3) con-
ventional, operated at design conditions.

The novel or unconventional components that are discussed are:

1. Refrigerant-vapor engine

2. Earth coils

3. Vertical-tube atmospheric condenser

The. characteristics of conventional components have been developed through years
of use and continual modifications, and the state of the art is such that basic improve-
ments that'would significantly improve their performance for shelter cooling are un-
likely. However, their effectiveness would be enhanced by operating them at "off-
design" conditions. These "off-design" conditions and the estimated performance are
discussed with respect to:

1. Evaporative coolers

2. Cooling towers

3. Evaporative condensers

4. Quiet surface and spray ponds.

Typical costs and operating data are shown for the conventional components
which would be used in a conventional manner. This information, even though well
established, is presented here for convenience and to permit future updating of economic
data. Condensers and evaporators which are integral parts of refrigeration machines
are discussed along with the machines.

REFRIGERANT- VAPOR ENGINES

-A cycle analysis indicated that a refrigerant-vapor engine could be used to drive
a shelter cooling system if ice were used as the heat sink. Such an engine is especially
applicable during a sealed period when oxygen would be limited for either manual or
internal-combustion-engine power. With an over-all cycle efficiency of 3. 4 per cent,
sufficient power could be developed to drive blowers and pumps for removing heat from
the shelter air and rejecting it to chilled water. Common refrigerrnts have thermo-
dynam'c and physical properties such that the pressures and flow rates ,could be
moderate, and the shelter equipment requirements seem well within established design

.. S
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practice. The development of an engine operating on a refrigerant vapor at 70 F would
not present many of the di'ficulties which have hamp, j z.d the use of refrigerant-
expansion engines at higher temperatures.

Figure 1 1 is :a schematic diagram of a refrigerant-vapor-engine coo.ing system
rnd a pressure-enthalpy diagram describing the operation of the engine. The cycle
analysis was made using 70 F vapor from the vapor generator and 40 r liquid leaving
the condenser. These temperatures are valid f6r practical heat exch!.n,:ers and the
temperatures are ones which could be expected within a shelter prov1,zd with an ice
heat sink.

Table 6 shows vapor-generator and condenser pressures, and the associated flow

rates of a vapor engine for removing shelter heat at a rate of 100, 000 Btu per hr. Of
the common refrigerants shown, R-22 is one of the more practical from the standpoint
of pressure, volume flow rates, and safety for use in shelter cooling.

Figure 12 shows the power output of an engine operating on R-22 at various over-
all engine efficiencies with a heat input to the cycle of 100,000 Btu per hr. Also shown
is the power required to drive the pumps and blowers for the complete cooling system.
Power requirements to operate the system were determined from the flow rates and
estimated pressure losses for commercial heat exchangers. It was assumed that the
liquid pump would be directly coupled to the engine with the air blower either directly
coupled or driven by an electric motor. Power requirements would be:

i
Horsepower Required, hp

Electric Drive
Direct Mechanical (Generator Eff., 90 per cent\

Equipment Drive \ Motor Eff. ? 85 per cent J

Liquid pumps 0.465 0.465
(direct-drive only)

Air blowers 0.700 0.915

TOTAL 1.165 1.380

A direct-drive system seems to be the most appropriate for shelter cooling.
Such a system would require a minimum of equipment and could be operated with a
lower efficiency engine. It could be nearly self-governing with the engine output (or
speed) matched to the cooling load (or blower speed) and the power requirement. Any
additional control could be provided with simple manually controlled or temperature-
controlled throttling valves. A

Electric-drive systems would allow more freedom in the location of the engine
and the blower. This feature might warrant the use of an electric drive in a large
shelter where cooling units would have to be remotely located from a centrally located
ice heat sink. A power unit consisting of one engine, one refrigerant condenser, and
one electric generator would supply electric power to the blowers on the evaporators.
Each evaporator would require refrigerant lines to the power unit. Advantages of such
a system would have to be weighed against those of multiple small units each containing I
its engine, mechanically driven blower, evaporator, and condenser. Each condenser

would be cooled with water piped from the heat sink.

I
I
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TABLE 6. REFRIGERANT- VAPOR- ENGINE SYSTEM PRESSURES AND FLOW
RATES FOR A COOLING LOAD OF 100, 000 BTU PET( "R

Flow Rate to Remove
Vapor 100,000 Btu/Hr

Generator Condenser Generator Cu Ft per
Pressure Pressure Pressure Hour at
at 70 F, at 40 F, Condenser Engine

-Refrigerant psia psia - Pres ure -Lb/Hr Inlet

R-11 13.41 7.03 1.1)1 1,1.80 3,000

R-12 84.82 51.68 1.64 1,454 717

R-13 473.4 319.6 1.48 2,910 168

R-21 23.08 12.32 1.87 920 Z,120

R-22 137.2 83.72 1.64 1,113 445

R-40 73.41 43.25 1.70 570 787

R-113 5.52 2.65 2.08 1,374 7,440

R-114 27.57 15.22 1.81 1,587 1,800

R-290 124.0 78.0 1.59 596 526

R-500 100.51 60.94 1.65 1,Z15 597

R-600 31.6 17.7 1.79 577 1,720

R-717 128.8 73.32 1.76 184 427

- ----------- R-744-- -895Z. 5 -. ~- 6.3 0 -6-- - 93 -

R-764 49.62 27.10 1.83 627 996
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V FIGURE 12. OPERATING PARAMETERS FOR A REFRIGERANT-
VAPOR-ENGINE SYSTEM
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For the relatively low compression ratio required, refrigerant-vapor engines

could be designed with an ver-all efficiency of" about 70 per cent. At an operating
temperature of 70 F, no problems with vapor condensation within the engine, with
lubrication, or with refrigerant decomposition would be encountered. These have re-
stricted the use of refrigerant-vapor engines at the higher temperatures r 'cessary to
obtain thermal efficiencies high enough for commerical applications.

For this i-eport, the cost of the engine and its small liquid-refrigerant pump is

estimated to be $30 per cfm of gas at the engine inlet. This estima-t was made as-

suming that the engine would be similar to a rotary vane air compressor and that being
a specialized piece of equipment not commercially available, the cost would probably

be 5 to 6 times that of a rotary vane air compressor.

EARTH COILS

The practical considerations and the physical properties of earth with respect to
its use as a heat sink were discussed in the "Heat Sink" section. Presented here are
estimates of the heat-transfer characteristics and cost of buried coils.

Various analytical methods have been proposed for calculating the heat-transfer
rate from buried surfaces to the earth surrounding them. No experimental data are
available for evaluating the adequacy of any of these methods but they are sufficiently
accurate for present purposes. The major factors affecting the heat transfer are:

1. Soil thermal conductivity

2. Heat-transfer surface shape and size

3. Temperature difference between heat-transfer surface and earth

4. Duration of operation.

An isolated straight pipe provides the best configuration for the maximum heat
transfer per unit of surface area. Also, the reduction of heat transfer with time of
operation is less for isolated pipes than for any other configuration. For most soil
types and for a 14-day period of continuous operation, pipes must be spaced 4 to 8 feet
apart to be isolated effectively.

The heat-transfer rate is roughly proportional to the soil conductivity and the
temperature difference between the pipe and the earth. The other factors influence the
heat transfer in a more complex way.

Figure 13 shows the calculated heat transfer from the pipe to average dry soil
and to wet soil for various pipe diameters which would be obtained after 14 days of
operation. The heat transfer to wet soil would be about 10 times that to dry soil, but
wet soil heat transfer would rarely be possible. As discussed in the "Heat Sink"
section, heat flowing into the earth drives moisture in the same direction as the heat

flow. Therefore, even though the earth might be wet at the start of ope-ation, it would

become dry around the pipe as heat continued to flow into the earth. For this reason,

. • e
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the remaining part of this discussion wi!. i! conccrned cnly with average dry soil
conditions.

The difference between the shelter temperature and the earth temperature would
be. too small to pro-ide adequate heat transfer directly to the earth. Ther. fore, a re-

frigeration device would be required to pump the shelter heat to a higher temperature.

Because of the possibility of leaks in the buried pipe, the pipe should not be used

directly as a refrigerant condenser but rather as a cooler for an inter.rediate fluid

such as water or brine. With a conventional mechanical-vapor-com,. 3saion machine

operating with a. condensing temperature of, say, 125 F, the brine or water could enter
the coil at 115 F. The temperature difference between the pipe and the earth would

then be about 50 F.

Figure 14 shows the length of pipe required to reject 1,000 Btu per hr to an

average dry soil for 14 days with an initial temperature difference of 50 F between the

pipe and the earth. The multipliers shown permit calculation of the length of pipe
needed for operating periods other than 14 days. These show that for only one day of

a peration the pipe length could be two-thirds of that required for a full 14-day period.

Operation could be considerably extended with little addition of pipe or slightly reduced
heat-transfer capacity. Con3idering the fact that the pipes would have to be at least
4 feet apart, considerable area would be required for an earth coil. For example, if

20 Btu per hr were rejected per foot of pipe, an area of about 200 square feet would be

required to reject the heat load of two average people.

The total cost of using earth coils would consist of the cost of excavating and
backfilling the trench as well as the procurement and installation of the pipe. Typical

costs for digging and backfilling are:

35 cents per linear foot for the first 3 feet of depth plus 5 cents per
linear foot per foot of depth in excess of 3 feet.

Data are lacking on the cost of installing a network of piping such as would be re-
quired for a complete cooling system. The earth coil would probably be less expensive

than a building piping system requiring hangers and a relatively large number of
direction changes. Therefore, it was assumed that the earth coil would cost about
three-fourths that of a building pipe system or 75 cents per foot of length per inch of
diameter for copper, steel, or plastic pipe. These estimates used with the pipe lengths
shown in Figure 14 give tie following costs for earth coils in trench 8 feet deep:

Pipe CNtside Diameter, Total Cost, *
in. $ per 1,000 Btu per hr

1 100
2 130
4 230
6 290

G.L I cm heaet-t fe data in Figure 13.

The cests for the earth coil alone would be equal to or greater than the total cost

etas ice 'seat sink. Should i shelter be located where wet soil would be accessible for

!s ard whert soil wa4r.1 rcmain wet during heat addition, the c-il costs could
4. a g on -tma f those . above. Under such circumstances, an earth- sink
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sy tem with the rtquired refrigeration machine and power source might be economically

COOLING TOWERS

Cooling towers that are operated above their normal design terroerature appear

es ecially, attractive for shelter cooling. The exhaust ventilating air tiow would be

su ficient to carry off all of the water vapor released by a tower having an inlet water

temperature of 115 to 130 F. Water at these temperatures could be used to cool the

condensers of mechanical vapor- compression refrigeration machines. This application
is described in more detail later.

Cooling towers which are commercially available could be used to supply cooling
wa er for refrigeration machines provided sufficient quantities of air and water were

avo ilable. The primary reason for using cooling towers is that the latent heat of
va orization of water can be utilized as the heat sink at a temperature slightly above

the wet-bulb temperature of the air with little draft loss. Therefore, when only a

lir ited 'supply of water is available for use as a heat sink, a cooling tower will provide

the maximum utilization of the water. Cool water could be supplied not only for a re-

fri eration machine, but also for cooling an auxiliary power system.

Packaged or factory-built cooling towers are available in sizes up to 3, 000, 000

BWi per hr of heat-dissipating capacity. These units, or multiple units if necessary,

could handle the heat rejection. frc'n 'refrigeration machines used to cool shelters of any
size. Custom-built towers having very large capacities such as for electric power

generation are constructed on the site. In general, in the larger sizes the performance

features and the costs of packaged and custom-built towers are similar.

Descriptions and operating characteristics of cooling towers for conventional use

ar adequately covered in the literature. Therefore, the discussion here will em-
ph~size to those aspects which are particularly pertinent for shelter cooling.

Packaged cooling towers are made with steel exteriors and fills of redwood,

treated fir, or some plastics. The towers are constructed and properly painted or

coated to withstand many years of use and exposure to the weather. Models are avail-

able for exterior installation with a fan to provide air circulation. Also available are,-
tovers for inside mounting.

,In-some circumstances cooling towers for shelters could be exposed to-the
atmosphere and operated in a conventional manner. For a typical operation, a water

cir ulation rate of 0. 25 gpm and an air flow -ate of 25 cfm would be required for re-

jecting 1,000 Btu per hr of heat. This corresponds toa water evaporation rate of about
I1 per hr. Water leaving the condenser of a refrigeration machine would enter the'
tower at 16 to 25 F above the air wet-bulb temperature. Leaving the tower, the water

ter~perature would be 6 to 13 F above the wet-bulb temperature. The total power re-

qui ed to drive the pump and fans of atmospheric cooling towers is approximately

0. 1 hp per 1, 000 Btu per hr of heat rejection.

//I-
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The heat-rejection rate of a tower with a given air flow can be substantially in-
creased by raising the teriperature of the water entering the tower. This feature is
especially attractive for the use of towers installed within the protective walls of a
shelter. Lower air requirements reduce the size of ducts and fans, and the power re-

quired to handle the air.

Figure 15 shows the heat absorbed per lb of air for various irlct water tempera-
tures, and for various water flow rates with a constant• volume of air .Iow. These data
were obtained from a manufacturer of cooling towers. (27) The cur'.-. show that the
exhaust ventilating air could be used to operate a cooling tower which would have suf-
ficient capacity to reject the cntire quantity of heat released by the-occupants.. A
ventilating air rate of 3 cfm per person is equal to about 13 lb per hr. Assuming that

the heat to be dissipated by the cooling tower is 600 Btu per hr per person, the heat to

7 be handled per lb of air would be about 45 Btu. This could be dissipated using an inlet
water temperature between 115 and 130 F. As shown by Figure 15, for a given heat
absorption rate, lower water temperatures can be used with higher water flow rates.
Lower water temperatures would result in higher efficiency of the refrigeration ma-
chine but the higher water rates would require larger pumps, piping, and power for
pumping. A detailed analysis of given design conditions would show the most appropri-
ate system to use with respect to the many factors which could be varied.

Figure 16 shows the cost of conventionally designed and operated cooling towers.
The ratings are based on a wet-bulb air temperature of 78 F, a 10 degree cooling range,
and 0. 25 gpm of water and 25 cfm of air flow per 1, 000 Btu per hr of heat rejection.
.These data are shown with relation to the heat dissipated by the evaporation of water
and not with relation to the cooling effect in the shelter. The heat to be handled by the
tower would be the sum of the cooling load and the power input to the refrigeration
machine cooling the shelter. The power input depends upon the type and the efficiency
of the refrigeration machine used as discussed in the "Refrigeration Devices" section
of this report.

Cooling tower costs for typical installations are as follows:

Per Cent of Total Cost

Item Small Tower Large Tower

Tower, including casing,

fill, and fan ZO 35

Pump 15 10
Piping - 27 30
Wiring 4 10
Starters 14 5
Miscellaneous 20 10

The piping costs were estimated on the basis of 200 ft of total piping. This would

permit the tower to be located up to about 75 ft from the equipment using the tower
water. Under some situations the tower might have to be located further away and
these piping costs would not be realistic. For estimating installeA piping costs, a
water piping cost of about $1 per in. of diameter per ft of length should. be used.

ii ii IN M I Ill
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Cooling towers occupy about C. 5 cubic feet per 1,000 Btu per hr of capacity when
operating at their design iatings.

VERTICAL-TUBE CONDENSER

.. A system of tubes or pipes extending from cooling equipment ii t shelter into the

atmosphere was considered as a heat-transfer device to utilize the air as a heat sink.
It is technically feasible to use such tube surfaces as a condenser for a refrigeration
machine, but the cost would be considerably greater than that for other applicable

cooling methods. Discussed here are the heat-transfer characteristics and the costs
of vertical-tube condensers.

Vertical tubes would receive nearly a minimum amount of solar radiation and,

therefore, would provide the lowest condensing temperature for a refrigeration device.

Exposed surfaces on a sunny day reach an equilibrium temperature above atmospheric
temperature such that the heat loss to the atmosphere is equal to the heat absorbed
from solar radiation. Condensing temperatures would have to be many degrees higher

than the equilibrium temperatures to obtain condensing heat-transfer rates worthy of

consideration.

The heat-transfer rate (convection and low temperature radiation) to the atmo-

sphere from surfaces 25 to 75 F above ambient temperature with little or no wind is

about 2 Btu per hr sq ft F.

The intensity of solar radiation at any location on the earth's surface varies
widely from day to day depending upon atmospheric conditions. On a clear day, verti-

cal surfaces in the sun are exposed for many hours to direct and diffuse radiation of in-

tensities greater than 150 Btu per hr sq ft. Surfaces shaded from direct sunlight but

open to the sky would be exposed to diffuse solar radiation at intensities of 20 to 30 Btu

per hr sq ft. The quantity of radiation absorbed by a tube would be dependent upon the

shading and the absorptivity of the tube surface. Table 7 shows the approximate dif-

ferences between the atmospheric and the equilibrium temperatures which could be ex-
pected for tubes in the sun on a day with no wind.

Figure 17 shows the effect of conden3ing temperature on heat-transfer rates and

on the length of 3-inch-OD tubes required.to dissipate 1,000 Btu per hr at an ambient
temperature of 95 F. In preparing the figure, it was assumed that each tube was

standing free in the atmosphere and that its heat-transfer characteristics were un-

affected by adjacent tubes.

Blast resistance is an attractive feature of a heavy-wall tube condenser cooled

by the atmosphere. Therefore, any shading techniques or surface treatments to reflect

solar radiation would have to be effective after exposure to blast effects. Surface

treatments might easily be made ineffective by fire or by deposits of dirt and smoke.

A rule of thumb figure for cost of erected pipe is $1 per foot per inch of pipe

diameter. At these prices the condenser cost would be more than $75 per 1, 000 Btu

per hr of heat rejected at a temperature of 130 F. This is as much as the cost of ice
and its storage facility. Condensing temperatures higher than 130 F would require less
pipe but mor expensive refrigeration machinery.

I
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. iTABLE 7. EQUILIBRIUM TEMPERATURES FOR VERTICAL TUBES IN THE
ATMOSPHERE

Description of Tube Absorptivity to Equilibrium Temperature,
and Exposure Solar Radiation deg F above ambient temperature

Iron tube, scaled surface, 0. 7 io 0. 8 25 to 35
exposed to sunlight on
one side

Iron tubes, scaled surface, 0.7 to 0.8 10 to 15
shaded from direct
sunlight, exposed
to diffuse radiation

White or aluminum tube, 0.3 to 0.4 10 to 15
exposed to sunlight on
one side

White or aluminum tube, 0.3 to 0.4 5 to 10
shaded from direct
sunlight, exposed
to diffuse radiation

ILi
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QUIET SURFACE PONDS

A warm-water surface, exposed to the atmosphere, would be a practical means
of dissipating heat from a refrigeration machine under some circumstancr q. This con-
clusion is based on the calculated heat transfer from water surfaces to the atmosphere
and with consideration of the physical features of ponds, whether natural or artifical
such as swimming pools. Of course, the-re would be no problem with an extremely
large body of natural water such as a lake or river. In such cases, t:.e water surfaces
are so large that the heat added to the water would increase the water temperature only
a few degrees. Also, the equilibrium water temperature would generally be below the
atmospheric temperature. The use of ponds with water surfaces so small that the
water tcmperature would be appreciably above the atmospheric temperature poses
special problems. Discussed are the heat-transfer characteristics of exposed water
surfaces, some of the practical aspects of using small ponds, and the cost of small
ponds.

Heat from an exposed wa.ter surface at a temperature above the atmospheric
temperature flows to the atmosphere by conduction, convection, radiation, and mass
transfer of water vapor. Heat-transfer rates by these mechanisms are governed by
the water temperature and the atmospheric conditions of wind, wet-bulb temperature,
and dry-bulb temperature. The influencing factors are included -n equations, which
havoe been developed to calculate the rates of'heat transfer. Experimental and opera-
tional data have verified the validity of the equations for use with water temperatures
within a few degrees of the atmospheric temperature. Although the calculated results
for water temperatures more than a few degrees above atmospheric temperature appear
to be reasonable, no experimental data have been found to substantiate them. Fig-
ures 18 through 24 show the calculated heat-transfer characteristics for practical
values of the governing variables.

Figure 18 shows the heat loss by evaporation in still air for various water tem-
peratures, relative humidities, and dry-bulb air temperatures. As can be seen from
the figure, the heat loss rate increases rapidly with increasing water temperature.
Dry-bulb air temperature has very little effect especially at low relative humidities.

Figure 19 shows the effect of air velocity on evaporative heat loss expressed as a
multiplier to be used in conjunction with Figure 18. From the curve it can be seen that
even slight winds greatly increase the evaporation rate. For example, the evaporation
rate with a 3-mile per hour wind is two times the evaporation rate with still air.

Figure 20 shows the convection heat loss in still air from an open water surface
for various water and dry-bulb air temperatures. The heat-loss increases as the
difference between the water temperature and air temperature increases. The increase
is morc than proportional to the temperature difference because the convection coef-
ficient also increases with increasing temperature differences. The heat-transfer -

coefficients used to obtain the curves are the coefficients for a horizontal flat plate
facing upward.

In Figure 21, the effect of wind velocity on the convective heat loss is shown. At
higher temperature differences between the water and the air, the effect of wind is not
as pronounced as it is at low temperature differences. This is becaus- the still air
convection heat losses shown in Figure 20 include air movement by natural convection;
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so, at any wind speed, the percentage increase in air movement is less at higher

temperature differences. The values obtained in Figure 21 are multipliers to be used
with the heat loss rates shown in Figure 20.

The heat gair by solar radiation varies with the time of year, the la. Jtude, and

atmospheric conditions. Although solar radiation is instantaneous, its effect on tem-

perature depends upon the average radiation over a period of time aid the thermal

capacity of the object receiving the radiation.

Figure 22 shows the heat gain frorn solar radiation for an exposed pond as a

function of time of year and latitude for the northern hemisphere. The heat gain is ex-
pressed as a Z4-hour average and is based on a water absorptivity of 0. 96. The values

shown are maximums which would occur on clear days. Monthly average values would
be lower, being 50 to 60 per cent of the given values for the. eastern United States and

80 to 90 per cent for the arid southwest.

Figure 23 shows the heat loss by low temperature radiation from a water surface

to the air for variuus air and watcr tcmpcratures. The calculations were made with a

water emissivity of 0. 96 and assuming the sky to be a black body at atmospheric air

temperature. This sky condition would be approached only on a high humidity, over-
cast day. On a clear day, the low-temperature radiation from the water might be as
much as 85 Btu per hr sq ft. more than that shown in Figure 23.

The heat transfer to dry earth around an artificial or natural body of water would

be so small that it cai be neglected as a means of heat rejection. Heat-transfer rates

would not exceed 10 Btu per hr sq ft. at any realistic temperature difference, between
the water and the dry earth.

/

Heat rejection from a water surface by all the various methods would be about

600 Btu per hr sq ft on summer days with water at a temperature of 120 F. Water at

120 F could be used to cool conventional mechanical vapor-compression refrigeration
machines which are designed to be air cooled. With water at 150 F the heat rejection

rate would be. about 1500 Btu per hr sq ft. Refrigeration machines could be cooled

with 150 F water but their design would differ somewhat from that used in conventional
air-conditioning practice. With a 30-degree increase in water temperature, the water
surface area required would be reduced by a factor of 2- 1/2. However, this advantage
would be offset by the requirement of a modified refrigeration machine which would be

less efficient because of the larger temperature span over which it would operate. A

detailed analysis of the specific situation would be required to determine the optimum

system.

There are many ways in which an open-surface water pond could be utilized for

cooling a refrigeration machine. However, in view of the many other possibilities,
such as spray ponds, cooling towers, evaporative condensers, and air-cooled heat
exchangers, it would seem that a pond would be used only because it waR naturally

available, or because it could be made blast resistant. A discussion of the effects of

blast is beyond the scope of this report, but a few points are mentioned to aid in the

evaluation of open-surface ponds.

Artificial ponds could be made with a deep basin like a swimning pool. The

water would be stored in the pond during the standby period and then e%-porated from

ths same reservoir when necessary. Points to consider for this type of construction

a re:
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1. Water blown out of reservoir by blast and wind following detonation

2. Reduction in heat-transfer rates because of dust and debris on
water surface

3. Reduction in heat-transfer rate with-lowering of water level

4. Maintenance of reservoir during winter months in cold clinates

5. Stand-by hazards associated with open ponds in populated., cas.

An exposed water surface could be provided with a shallow-basin pond and an

independent source of water. The basin could be a shallow concrete or steel structure
. to be used only for providing sufficient water surface and not for the storage of water.

During operation, water from a separate source, either natural or artifi.xal, would be
pumped into the shallow basin to maintain the appropriate water level. As for any open-
surface pond, debris on and above the water surface would reduce the heat transfer
from the water. In other aspects the shallow pond would have the following advantages

compared with the deep basin type:

1. Only a small portion of the total water supply would be lost due to
blast

2. Controlled water level would assure the anticipated heat-transfer
rate

3. Maintenance and safety problems would be less during the standby
period.

It might appear that a cover over the pond would be the solution to many of the
practical problems listed above. Certainly a cover would provide adequate protection
during stand-by, but its effect on the reliability of the operation after a blast is

questionable. In fact, it might be that the shelter cooling system and, therefore, the
pond would be in use at the time of the blast. Under such circumstances even ponds
equipped with covers would be open and could receive debris and have the water blown
out.

The cost of artificial ponds would vary considerably with size, materials of con-
struction, and techniques used in construction. Swimming pools are constructed of
various combinations of concrete, steel, vinyl sheets, and steel-reinforced fiberglass.

Any of these construction materials would be satisfactory for a water reservoir. The
major difference between them being the maintenance required during the standby and

the xesistance to blast damage.- Concrete pools subjected to freezing and thawing crack,
and steel ponds require occasional painting to prevent rusting. Structurally, the con-
crete and steel ponds are st:onger than the other types and might be more desirable
from the standpoint of blast resistance.

Figure 24 shows the approximate installed costs for deep-basin water ponds with
construction similar to that of swimming pools. These costs are typical for ponds in-
stalled with their surface at grade level and with water depths of about 4 feet.

.. . Fwy/ 1
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FIGURE 24. INSTALLED COST OF OPEN WATER-STORAGE TANKS
(TANKS FOUR FEET DEEP WITH WATER SURFACE AT
GROUND LEVEL)

Shallow basin ponds could be constructed with the bottom sloping up at the edges
to provide the proper depth. The bottom itself might also be sloped to provide the
desired water flow between the inlets and outlets. With relatively small slopes at the
edges and over the bottom, the construction would be essentially similar to a water-
tight slab. Costs for such ponds would vary from a few cents per square foot for sand-
covered vinyl to the following for concrete over a gravel fill:

Thickness of Concrete Cost,

Slab, inches $ per sq ft

4 0.45
6 0.57
8 0.69

10 0.81
.12 0.93

The cost of shallow-basin ponds, on the basis of surface area, would be much
lover than the cost of a deep-basin pond excluding the cost of a separate water storage
facility. However, to be a comparable facility, water storage cost would have to be
added to the cost of the shaliow-basin pond. Conventional underground blast-resistant
steel or concrete water storage tanks cost as much as $1,000 per 1,000 gallons. With
the water storage cost added to that of the shallow-basin pond, there is no conclusive
cost advantage for either the shallow pond or the deep pond.
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SPRAY PONDS

For heat-dissipation capacity equal to that of a quiet surface pond, soray ponds
would require only one-third to one- sixth the area. They would be considerably more
blast resistant than cooling towers or evaporative condensers located above ground,
which also utilize the latent heat of vaporization of water.----------

The cooling capacity of spray ponds is dependent upon the volun., of the atmos-
phere swept by the water spray. Sprays in typical ponds now in use rise 12 feet above
the pond surface from nozzles located 2 to 6 feet above the pond surface, The nozzles
operate at water pressures of 4 to 10 psig with 5 to 7 psig being most common. Nozzles
usually have a water capacity of 35 to 50 gpm and are located in groups of 4 to 6 nozzles
per 12 feet of pipe length. The distance beween rows of nozzles is from 13 to 38 feet
with 25 feet being most common. The water spray from each nozzle will strike the
surface of the pond in a circular pattern having a radius of about 10 feet. 6

Figure 25-shows the relation between inlet and outlet water temperatures and
air wet-bulb temperature for a typical spray pond installation. Other operating
characteristics of conventional installations are:

Inlet water temperature - 20 to 25 F above wet-bulb temperature
Pond water temperature - 10 F above wet-bulb temperature
Heat dissipation rate - 1800 to 3600 Btu per hr sq ft of surface
Spray loading - 120 to 240 lb per hr sq ft of surface
Evaporation rate - roughly I per cent of water sprayed
Drift loss - I to 3 per cent of water sprayed.

Evaporation and drift losses wceild be especially significant if the natural source
of water was limited or if stored water were used. The drift losses listed are typical
for nozzles 25 to 35 feet from the edge of ponds without windbreaks, and for nozzles
12 to 20 feet from the edge of ponds protected by louvered fences 12 feet high.

The powe required to spray the water would be less than 3 per cent of the total
power required o operate a refrigeration cooling system. The cost of spray ponds
would be simil l to that shown in Figure 24 for open surface water ponds. The addi-
tional cost for ping and nozzles for the spray system would be about $1 per sq ft of

pond surface.

AIR-HANDLING UNITS

An air-handling unit is an air-liquid heat exchanger consisting of a heat-transfer
coil, casing, blower, and controls. Air-handling units are the most practical and the
economical solution for cooling areas remote from the supply of chilled liquid. In
general, the power requirements would be less and the pipe diameters would be smaller
for distributing chilled liquid to remote areas of a shelter than for distributing con-
ditioned air.

The installation and the use of air-handling units in shelters would be the same
as for industrial and residential purposes. Therefore, no special skills would be
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required .f the niechanical contractors who would design ard erect this portion of a

cooling system.

Years of design and practical experience have established optimum configurations
of air-handling units from the standpoints of both cost and operation. The f'nned-tubed
banks generally are made up of 1/2-in, or 5/8-in. tubes with 8 to 14 fins per inch of

tube length. The tubes may be connected with various header arrangements to provide

the required flow paths. Face air velocities between 400 and 600 feet per minute are i
used for most installations. These velocities are limited by the tend.' -y to blow con-
densate through the unit and by noise andpressure drop. I

The heat-transfer capacities of air-handling unit, are shown in manufacturers'

catalogues for given temperatures and relative humidities. A common- set of rating
conditions are: air entering at 80 F with relative humidity of 50 per cent, air leaving I
at 55 F and nearly saturated, and 45 F liquid in the coil. These conditions are typical
in comfort air-conditioning practice, but shelter cooling conditions -could be quite dif-

ferent. The heat-transfer capacity of a given coil varies significantly with the tempera- I
ture difference between the air and the liquid in the coil, and also with the relative
humidity of the air. Therefore, the air-handling unit should be selected on the basis of
the conditions under which it is to operate.

Figure 26 shows the approximate heat-transfer characteristics of air-handling
units for various temperature differences and relative humidities of the inlet air. At a
given temperature difference, the heat-transfer rate with 90 per cent relative humidity

air may be 1. 5 times the rate with 50 per cent relative humidity air. The higher rate [
is the result of higher heat-transfer coefficient for the water vapor condensing upon the
surfaces than for the convective cooling of dry air. When shelters require cooling, the
relative humidity will probably bc high and, therefore, the air-handling units would [
probably be smaller than those used for conventional comfort air conditioning.

Relative htumidity Inlet [
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FIGURE 26. HEAT -T RANSFER CHARACTERISTICS
OF AIR-HANDLING UNITS
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Air-handling units with inlet water at tempelatures up to 70 F could maintain an

effective temperature of 8i F in a shelter. The air-handling unit design would depend
upon the temperature of the water supply and the desired temperature change of the
water and air passing through the heat exchanger. Numerous combinations of flows and
temperature changes could be used satiafactorily. The most appropriate c 'mbination

would depend primarily upon water temperature and pumping power requirements.

Table 8 shows typical operating characteristics of various units based on finned-
tube heat-exchanger data taken from performance tables published b', :.anufacturers.
The published data were extrapolated to include temperatures and hunidities corres-

f. ponding to an effective temperature of 85 F to estimate the effect of condensation on the
heat-transfer rates. The results may be in error somewhat, but more accurate values
would require test data on heat-exchanger performance under the desired operating

conditions.

The coefficients of performance shown in the table were calculated as the net
cooling capacity (100, 000 Btu per hr minus power to drive system) divided by the power
required to drive the system. For these examples the following assumptions were made:
blower efficiency, 60 per cent; pump efficiency, 70 per cent; shelter effective tempera-

ture, 85 F; and saturated air leaving the heat exchanger. Power is showu for pumping
water through the heat exchanger. Also shown is the pumping power with an additional
pressure loss of 100 feet of water to show the effect of well depth and pipe-friction loss
on power requirements.

All equipment required for disposing cuf excess shelter heat with naturally avail-
able cool water could be manually operated. The pumps and blowers would not require
sensitive speed control and their power requirements would be low enough for them to
be driven manually.

The cost of air-handling units vazies considerably with the supplied accessories.
The basic unit consists of a casing, blower, coil, motor, and drive. In addition to these,
filter box, temperature control, and face and by-pass. dampers are available. The.
accessories which could be advantageously used would depend upon other features of the
cooling system. If air circulation withi'n the shelter were desirable, even though arti-
ficial cooling were not, this circulation could be provided with the blower of a unit
equipped with by-pass dampers. It seems unlike'y that the filter box would be needed.I However, filters do keep the coils clean and free from plugging. Temperature control
is another option which may or may not be required on each air-handling unit. This

. ...... would depend entirely upon the control technique used for the cooling sytem.

Table 9 shows typical features of air-handling units and the breakdown of their
costs. The costs include all expenses which would be incurred in putting the unit into
operation. They include contractor's cost, shipping and handling, miscellaneous
supplies, and contractor's profit.

Figure 27 shows a plot of the cost of the basic air-handling unit which includes the
casing, blower, motor and drive, wiring, starter, and coil. Also shown is the cost of
a unit with dampers, filters, and temperature controls. These costs were used to esti-
mate the total costs of cooling systems which are described in the "Cooling Systems"
section of this report.

1
.1
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TABLE 9. DESCRIPTIONS AND COSTS OF TYPICAL AIR-HANDLING UNITS

Unit cooling capacity,* 60,000 120,000 240,000 360,000
Btu per hr

Air flow, cfm 2,000 .4,000 8,000 12,000

Coil face area, sq ft 3 7.5 13.7 20.6

Fanpower, hp 1 1.5 3 5

Space requirement with filters 0. 5 cu ft per 1, 000 Btu per hr
and dampers

Cost Breakdown, Total Inntalled Cost, Dollars

Casing and blower 600 780 1,110 1,600

Motor and drive 80 100 160 230

Wiring and starter 150 150 230 300

Coil, six row 490 820 1,250 1,760

Face and bypass dampers 260 340 460 570

Temperature control 360 350 360 360

Filter box . .100 180 - . 3Z 380

*capacity witt, ir entering at 80 F with relative humidity of So per cent. air leaving at 55 F nearly saturated, liquid in
coil 45 F.
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FIGURE 27. INSTALLED COST OF AIR-HANDLING UNITS, SIX-ROW COIL I
AIR-COOLED CONDENSERS [

Air-cooled condensers must be used for refrigeration devices when no water is
available. Conventional units would be suitable for use with shelter cooling systems. [
Presented here are typical costs and operating features of conventional forced-air
condensers. . [

A few natural-draft air-cooled condensers have been installed to reduce operating
costs at the expense of higher capital cost. These would not be applicable for the shelter L
situation which favors the short-term, higher operating cost with a lower initial cost.

Typical features and nominal rating temperatures for air-cooled condensers used
with mechanical-vazor-'compression machines are:

Condensing temperature - 125 F
Entering air temperature - 95 F
Leaving air temperature - I10 to 115 F
Air flow - 4.0 to 4.5 lb per 1,000 Btu
Space requirement - 1/2 cu ft per 1, 000 Btu
Power requirement - I hp per 150,000 to 200, 000 Btu per hr. j
Figure 28.shows the installed costs of conventional air-cooled condensers with

air dampers, head-pressure valve, 100 ft of refrigersnt piping on each line, fan, and
motor.

t,

lb
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FIGURE 28. COST OF CONVENTIONAL AIR-COOLED REFRIGERANT
CONDENSERS

EVAPORATIVE CONDENSERS

All .he heat released by shelter occupants could be rejected with the exhaust
ventilating air by using a cooling system consisting of an evaporative condenser and a
conventional mechanical-vapor-compression refrigeration machine. Such a condenser
would have to operate at a temperature 10 to 20 F above the temperatures normally used
for evaporative condensers with an unlimited source of air. Conventional mechanical
refrigeration machines could operate at this higher condenser temperature. By using
an evaporative condenser, the entire cooling system could be conveniently housed withii
the protective walls of the shelter.

The effectiveness of evaporative condensers is directly related to the heat content
of the air passing through it.

Figure 29 shows the total heat content cf mixtures of air and water-vapor. The
heat rejected to the exhaust-ventilating air by an evaporative condenser would be the
difference between the heat content of the air leaving condenser and the heat content of
air at an effective temperature of 85 F. Two of many possible operating conditions are:

Air flow, cfm per person 3 5
Heat to be absorbed, Btu per hr per person 600 600
Heat to be absorbed per lb of dry air, Bt% 44.5 36.7
Temperature air entering condenser, F 92 92
Temperature air leaving condenser, F

at 80 per cent relative humidity 115 106
at 60 per cent relative humidity 122 115

Condensing temperature - 10 to 15 F above the temperature of air leaving the
condenser.
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No experimental or operating data are available to show the degree of saturation
which could be obtained with various designs of evaporative condensers operating at
these higher temperatures. Schutte and Koerting Company have done some work in this
area, but they had no data for release at the time this report was written. (28) Con-
ventional evaporative coolers operate with 3/8 to 1/2 inch of water pressure drop over
a 3 to 4 row coil and achieve 80 to 90 per cent saturation of the air. These units have a
heat-rejection rate of about 10 Btu per pound of air. It is estimated that at the higher
temperatures a conventional 3 to 4 row coil would provide 60 per rent stturation and a
6 to 10 row coil with a pressure drop of about I inch of water would acLh. ve 80 per cent
saturation. Data -re needed to verify the performance of the 6 to 10 row coil.

Figure 30 shows the installed cost of evaporative cooled condensers with fans,
water pumps, motors, air dampers, 200 feet of refrigerant piping, and 'minor acces-
sories required for a complete installation. Other requirements to operate the units are:

Conventional Unit% or High-Temperature Units for 60 Per Cent Saturation

I hp per 150,000 to 225,000 Btu per hr
I to 0. 6 cubic feet of space per 1, 000 Btu per hr of capacity

High-Temperature Units for 80 Per Cent Saturation

2 hp per . 50, 000 to 225,000 Btu per hr
1. 2 to 0.8 cubic feet of space per 1,000 Btu per hr of capacity.

20

Estimated hiqh-tqmperature condenser for
So per cent saturation

10

Conventional condenser-%

o Estimated high -tenperoture condenser for
60 per cent saturation

*1

0 0 0 I00 1500 ? ) 2

Heat Tronfer Rate. 1000 Btu per htr

FIGURE 30. COST OF CONVENTIONAL AND HIGH-TEMPERATURE
, EVAPORATIVE CONDENSERS

Evaporative condensers would be most effectively used by installing them in the
shelter exhaust air duct. It seem@ unlikely that a conventional evaporative condenser
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would be installed in the atmosphere outside of a shelter. Long refrigerant lines and

the increased possibility o: damage with resultant loss of refrigerant would be significant

disadvantages. Rather than using an evaporative condenser, a more practical solution

would be the use of a cooling tower in the atmosphere and a water-cooled condenser in

the shelter with the refrigeration machine.

EVAPORATIVE COOLERS

Evaporative cooling of shelter ventilating air can more than double the heat-

absorption capacity of the air. Evaporative cooling is used commercially in hot, dry

areas, but its use is diminishing'because of its inadequacies in controlling humidity.

However, with an effective temperature limit of 85 F, evaporative cooling could be used

for shelter cooling in any area of the United States.

The function of evaporative coolers is to adiabatically saturate the air with vapor

from evaporating water. The heat required to evaporate water to provide the vapor

decreases the sensible heat of, the air with an equivalent increase in the latent heat.

This process requires intimate contact between the water and the air. Two types of

evaporative coolers are ,vailable, both of which expose large water surfacc areas to

the air. These are:

1. Spray type

2. Wetted mat type.

The degree of saturation of the air depends upon the nature of its contact with the

water in the liquid phase. With sufficient time and flow turbulence, complete saturation

can be approached. However, the equipment requirements to do this are impractical;

consequently a compromise involving partial saturation and less complex equipment is

ordinarily made.

The operation of evaporative coolers can most easily be shown with the aid of a

psychrometric chart.

Figure 31 is a psychrometric chart with 80, 85, and 90 effective temperature lines

superimposed. Evaporative cooling of the air and heat absorption from the shelter would

follow a process ad indicated by Points 1, 2, and 3. Point I curresponds to the tempera-

. .. .-- ture and the humidity-of the- air enteringthe -evaporative cooler-.-Aswater-evaporates

into the air the process continues along the Line 1-2 to Point 2 with essentially no change

in total heat of the air-vapor mixture. The sensible heat of the air is reduced with a

decrease in dry bulb temperature while the latent heat and moisture content of the air

increases. The evaporative cooling process shown is for the case where the inlet water

temperature is equal to the wet bulb temperature of the inlet air. Corrections must be

included in calculations if the inlet water temperature does not equal the inlet air wet

bulb temperature.

Point 2 shows the properties of the air leaving the evaporative cooler. The degree

of saturation depends upon the evaporative cooler design and its operatic-. The relative

humidity of the air increases in the evaporative cooler as they dry bulb air temperature
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decreases. Relative humidities above 90 per cent are easily obtained. High relative
humidities are desired to p-oducc more cooling per pound of air but are not deqirble
from the standpoint nf condensation which may occur on shelter walls or other surfaces
which are below the dawpoint temperature.

From Point 2 to Point 3 the air absorbs heat from the shelter. The slope of this
line aepends upon the ratio of sensible to latent heat which must be abiorbed from the
shelter. For humans the sensible heat release is determined by the drv bulb tempera-
ture. For this example. sensible heat release equal to 47 per cent o' !-e total was used
to draw the line shown on the .chart.. The end point, Point 3, is established by the ef-
fective temperature to be maintained in the shelter.

The amount of heat absorbed from the shelter by a pound of air depends upon the
enthalpy increase between Point 2 and Poi.c 3. From the chart it is apparent that maxi-
mum heat absorption would occur with air leaving the shelter at 100 per cent relative
humidity. However, with a sensible heat factor of 0. 47, the relative humidity of the
cooling air decreases with increasing temperature and therefore, would not approach
100 per cent humidity. Saturation at the shelter outlet can be apprcacned by successive
stages of evaporative cooling of the air within the shelter or by removal of some sensible
heat by other means.

The heat absorbed by shelter walls would influence the humidity in the shelter and
the effectiveness of evaporative cooling. The heat absorbed would be sensible heat
(when relative humidities are below 100 per cent) thereby reducing the amount of sen-
sible heat to be removed by the evaporatively cooling. Essentially, this would be the
same as decreasing the sensible heat factor. As the sensible heat factor decreases,
the relative humidity and enthalpy at Point 3 increase, which results in more heat being
removed from the shelter per pound of air. With an effective sensible heat factor of
about 0. 25 heat absorption proceeds at constant relative humidity. While heat flow
through shelter wall, is not within the scope of this project it should not be neglected in
the analysis of evaporative cooling systems.

The e-.-iciency of evaporative coolers is defined as:

Inlet dry-bulb temperature - Outlet dry-bulb temperature
Inlet dry-bulb temperature - Inlet wet-bulb temperature

Figure 32 shows the air flow rates required to remove 600 Btu per hr of heat from
a shelter employing an evaporative cooler as a function of geographical areas in the

. . continental United-States. For comparison, the air flow rates required for direct air
cooling are shown in Figure 33.

By using evaporative cooling the ventilation rate could be reduced to about one-half
that required with direct air cooling in the west and north; to about one-third in the
south and southeast.

Following are brief descriptions of the two most common types of evaporative
coolers.

w.r
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Spray Type

Spray type evaporative coolers consist of a casing, inlet baffles for air-flow
distribution, one concurrent spray system, one countercurrent spray system, and water-
flooded mist eliminators. The casings in a typical design are about nearly i feet long in
the direction of air flow with face areas to correspond to the desired capacity. The
main features and operating characteristicsof this-typical design are:

Spray water - 10 gpm per 1, 000 cfm of air at 20 psi

Mist eliminator water - 4 gpm per foot of width at 10 psi

Air flow - 500 feet per minute face velocity, 0, 30 inch of water pressure
drop.

Space requirement - 13 to 14 cubic feet per 1,000 cfm of air

Evaporative efficiency - 90 per cent.

The costs of the spray-type coolers of various capacities are shown in Figure 34.

400

E 300

0 Spray- Type, two spray bankso Spray- Type, two spray banks

200

- 100 Wetted-mat type

of A J
0 to020 30 40 30 60

Capacity, k(000 cfm . . .-

FIGURE 34. INSTALLED COST OF EVAPORATIVE COOLERS INCLUDING
ELECTRIC PUMPS; BLOWERS NOT INCLUDED

Wetted Mat Type

Wetted-mat-type evaporative coolers consist of a casing, inlet baffles for air-flow
distribuion, a countercurrent spray system, and a fine fiber mat. Because the mat is
an effective mist eliminator a finer spray can be used in this type than can be used in
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,pray type. The finer spray increases the water surface area in contact with the air and

Lherefore, only one spray s stem is used. In operation part of the water spray evap-

orates into the air and the remainder is carried into and trapped by the mat, which

provides additional wetted surface for evaporation.

A typical unit is 3-1/Z feet long in the direction of air flow with face areas to cor- I
__-respond to the desired capacity. Listed below are other features of this typical design.

Spray water - 0. 20 gpm per 1,000 cfm air at 40 psi

Air flow - 400 feet per minute face velocity, 0. 30 inch of water

pressure drop

Space requirement - 8..7 cubic feet per 1,000 cfm of air I
Evaporative efficiency - 80 per cent.

The wetted mat would act as a filter for removing particles from the air. No I
work was done to determine if it could be substituted for any of the filters used for

cleaning shelter ventilating air. However, the physical features of the mats indicate it

would be an excellent prefilter.

Figure 34 also shows the cost of wetted-mat surface type evaporative coolers. [

DEHUMIDIFIERS [
While water-cooled chemical dehumidifiers could be used to dehumidify the

shelter ventilating air, a more attractive use is in conjunction with an evaporative

cooler to remove both sensible and latent heat. Chemical dehumidifiers are used cor-

mercially for humidity control in industrial plants and in hospitals. The lithium chloride,

which is the material most commonly used iln chemical dehumidifiers, also removes air-

borne bacteria and mold spores. This is advantageous in hospital operating rooms, food-

processing plants, and may be desirable for shelters. Other desirable features of either

a dehumidifier or a dehumidifier-evaporative-cooler combination are: ,

1. Heat can be rejected to water at temperatures up to at least 90 F

2. Equipment is not pressurized, except for the boiler which supplies . . ....

steam for regeneration

3. Lithium chloride is neither toxic nor corrosive and has a low vapor

pressure

4. Equipment has few moving parts which tends to decrease maintenance

requirements and increase reliability.

Chemical dehumidifiers are relatively large, must be assembled on the site, re-

quire a source of steam and atmospheric air for regeneration, and need water for

cooling. The amount of moisture a given size dehumidifier can remove depends upon
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the temperaturz and flow rate of the cooling water, the quantity of moisture in the air,
and the surface area of the absorbing lithium chloride. Consequently, equipment per-

formance cannot be generalized making it necessary to carry out a design and cost
analysis for each specific installation. This has been done in the following example.
For this example, inlet air at 95 F dry bulb and 79 F wet bulb (85 F effectiv tempera-
tare) was selected.

Figure 35 is a schematic drawing of a typical lithium bromide dehumidifier showing
the operating characteristics of the system for the inlet conditions se1h ted.

DEHUMIDIFIER

Air from
shelter Air

17 cfm 95 F db

95 F db 64.5 F wb

79 F wb

Solution Cooling ,water Inlet water 80 F,
0.1 gpm

Atmospheric Steam. 2.5 lb per hrair inlet , . . , ., h

_ 4 CondensateS ]

Air and vapor
outlet REGENERATOR. BOILER

A-48213

FIGURE 35. DEHUMIDIFICATION SYSTEM FOR REMOVING WATER
VAPOR AT THE RATE OF 1 LB PER HR

The air leaving the dehumidifier could be used for direct cooling of the shelter,
in which case, the quantity of air to be handled would be quite large. For this example,

-each pound of air would remove 5 Btu. - In addition, because of the sensible heat ratio

of the cooling load, the air leaving the shelter would have a dry-bulb temperture of
106 F (85 F effective temperature) which would probably not be tolerable.

A more effective and practical use for a dehumidifier would be in conjunction with
an evaporative cooler. This system has two adv,:%tages. One, the amount of heat re-
moved per pound of air would be more than double Oiat removed by the dehumidifier
alone. For this example, 13 Btu per pound of air. Two, exhaust air leaving the shelter

would have a dry-bulb temperature of 95 F (85 F effective temperature) which would
definitely be tolerable.

The ciehumidifier-evaporative-cooler system would also be adv.ntagous from a

cost standpoint because evaporative coolers are relatively inexpensive cotal-.red with
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the dehumidifying equipment. The es*imated installed cost for the equipment shown in

Figure 35 which, when usea with an evaporative cooler, would produce approximately
1 000 Btu per hr of cooling is:

Cost, dollars

Dehumidifier 27

Regenerator 13 .

Boiler 20

60 [
The dehumidifier and regenerator would occupy about 1 cubic foot of space and require
approximately 1/30 hp per 1, 000 Btu per hr of cooling, E

U

AIR FILTERS

Air filters are not cooling system components directly associated with the removal
of excess shelter heat. However, in some instances their cost and performance char-
acteristics must be considered in determining the total cost of cooling systems.

For special shelters designed to provide BW/CW protection, two types of filters
may be required; particulate and gas. Particulate filters which will remove solid parti-
cles and liquid droplets consist of a medium efficiency prefilter and a high or extreme
efficiency filter. The prefilter is used to remove the larger size particles, thereby
reducing the loading on the higher efficiency filter. Gas filters which will remove only
gases and vapors consist of a bed of activated charcoal on which the material to be
filtered is adsorbed. Such filters are not required for fallout shelters.

Table 10 shows the performance characteristics of shelter ventilating-air filters.

TABLE 10. PERFORMANCE CHARACTERISTICS OF SHELTER VENTILATINC AIR FILTERS

Rated Perfoemance
Flow. Pressure

Approximate cfm per Drop.
Space Requirement. sq ft inches at

Filter Type Function Process cuft per 1,000 cfm face area Wates

Medium efficiency kemnoves coarse particles, Inertial 0.5 300 0.1
protects subsequent filters impaction

High efficiency Stops smallest particles Filtration 4 150 1.0

Gai. activated Removes poisonous gases Adsorption 11 100 0.8
charcoal and vapors
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Figure 36 shows the installed cost of the three types of filters as a function of air
flow rate.

Total Cost of the three types

000

.2 50O
73 Medum efficiency

olefficiffIcie ncy

0 MI
0 1 2 3 4 3

A-48214

Air Flow, 1000 cfm

FIGURE '36. INSTALLED COSTS OF FILTERS

BLAST VALVES

Blast valves are of interest in this program in that their cost and operating
characteristics affect the cost of some cooling systems presented later. The flow char-
acteristics and cost of commercially available tubular and poppet valves were obtained
from manufacturers. A brief description of the valves for which cost data were ob-
tained in included.

Tubular valves consist of a set of spring-mounted stainless-steel tubes and a
matching set of fixed solid rods. Under the initial pressure of a blast wave the spring-
mounted tubes move to mesh with the solid rods, thereby sealing the opening. Up'n

restoration of normal atmospheric pressure, the valve opens automatically. The tubular
valves close in 5 milliseconds or less. The basic module has an air-flow rating of
1, 000 cfn at I inch of water pressure drop. Multiple modules can be arranged for air-
flow capicities up to 15,000 cfm.

Poppet valves are available with closing mechanisms actuated by blast pressure,
triggered by a sensor and actuated by a dual arrangement such that either blast pressure
or a sensor system would function. The blast-actuated poppet valves close in 9 to ?.4
milliseconds, depending upon the blast pressure and the size of the valve. The sensor-
tr.iggered poppet valves actuated by compressed air, and poppet valves equipped with a
dual closing arrangement, close in 30 to 100 milliseconds depending upon the valve size.
The poppet valves are built in nominal sizes with diameters up to 60 inches and with flow
capacities as high as 35, 000 cim at 1 inch of water pressure loss.
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Figure 37 shows the installed cost of the various blast valves versus their rated
capacity. These data are u.-ed in the "Cooling System" section of this report. The cost
of an infrare sensor would be between $1,500 and $8, 000. This has not been included
in the cost ol the valves.

- -600 ----- . .. . .

: Zb last octiftedU400

- -- "Poppet, blast or sensor operoted

e200
• Poppet, blast ctiva dt

0-

0 5 10 IS 20 25
A-4016

Roted C:06I1, 00 c cfm.

FIGURE 37. COST OF BLAST VALVES

The blast valve cost per cfm could be reduced by increasing the air flow through
a given valve! at the expense of increased air-handling costs resulting from the higher
pressure loss. In addition, the valve-closing mechanisim would have to be modified to
compensate for. the increased pressure drop across the valve.

BLOWERS

Blows', considerations of prime importance are the power requirements and the
blower costs Power requirements are important not only because of the demands upon
the power system, but also because the power input to the blower would appear as heat
in the air leaving the blower. -Because shelters are expected to be slightly pressurized
the blower rrmust be at the air intake; therefore, the temperature of the air entering the
shelter would be somewhat higher than the atmospheric temperature.

The hoisepowcr input to a ventilating blower shaft is approximately;

hp- =. 57 x 10- 4 x pressure rise, inches of water x flow, cfm
blower efficieticy, decimal

The folowing tabulation shows typical values of power input and air temperature,
rise for blowers having an efficiency of 60 per cent. L

[
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Pressure Rise, Power Input Temperature Rise
inches of water per 1,000 cfm, hp of Air, F

2 0.52 1.2
4 1.04 2.4
6 1.56 3.6

If the blowers were driven by an electric motor in the air stream, the temperature rise
would be 10 to 20 per cent greater than that shown above. If the blowers were driven
by a reciprocating combustion engine, which would be cooled by the biwv er air, the
temperature rise would be two to three times that shown in the tabulation.

Figure 38 shows the cost of installed blowers driven by electric motors or driven
directly with engines. The costs of the engine-generator set at $150 per hp is included
to emphasize the fact that the cost of air at higher pressures is greatly influenced by the
type of driver on the blower.

WATER PUMPS

The centrifugal pump is widely used in industrial applications and is available in a
variety of sizes and discharge pressures. The centrifugal pump is also well suited for
'use in shelter cooling because of its low initial cost, small space requirements, low
maintenance requirements, and quiet operation. Seals that would not be adversely af-
fected by long periods of nonuse are available.

For pumping water containing large qtantities of solids or corrosive compounds,
pumps specifically designed for this type of service are available.

The factors of particular interest here are pump costs and power requirements.

The power input in horsepower required for a pump is:

8. 3 x flow rate, gpm x head, fthp-
pump efficiency, decimal

Figure 39 shows the installed cost of centrifugal pumps equipped with close-coupled
electric motors for a range of capacities.

PACKAGED BOILERS

Figure 40 shows the cost of low pressure oil-fired boilers which would be suitable
for use in shelter cooling systems. These boilers leave the factory fully assembled and
ready for connection to steam, water., and electric services.

Boilers of this class have a thermal efficiency of approximately 75 per cent and,
therefore, their fuel consumption would be about 0. 08 pound per hour per 1, 000 Btu per
hr of heat output. The boiler space requirement would be about 0. 12 cubic feet per
1, 000 Btu per hr of heat output.
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MECHANICAL POWER

The cost of providing mechanical power for operating a cooling system may be a
significant factor in the total cooling system cost. The requirements and costs of
auxiliary power systems were the subject of a separate study conducted by Battelle for
the Office of Civil Defense under Contract No. OCD-OS-62-190, ,Subtask 1411C. The
final report is entitled "A Study of the Minimum Requirements 'or A-:.!!.ary Power
Systems for Community Shelters".

As might be imagined, it is difficult to generalize the cost of auxiliary power
systems. However, for the purposes of this study it was deemed necessary. The costs
which were selected for use in determining the total cost of cooling systems are:

Power Output, Cost, dollars per hp

hp Engine Engine-Generator

Up to 10 100 200
10 to 40 70 150
40 to 100 50 100
100 and up 40 80

The above costs are typical for standard industrial installations and do not include the
provision of unusual requirements for the engine such as blast-resistant air intakes
and exhausts, shelter space, and custom cooling equipment or heat sinks. These re-
quirements need to be considered in relationship with the total shelter facility.

/ .
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REFRIGERATION AND DEHUMIDIFICATION DEVICES

Any shelter cooling system that utilizes a heat sink at a temperature above the
shelter temperature will require a refrigeration device. Of the many techniques of cool-
ing, only two have major :ommercial significance: mechanical vapor compression
(MVC) and absorption. Commercial machines are applicable for shelter cooling, but
because of the unique requirements of this application, for example, la :k of on-site
power, long standby period, short operating period, and unavailability. of a natural heat
sink, other cooling techniques using unconventional equipment might be advantageously
applied to shelter cooling. Therefore, these were investigated and novel devices-were
devised..

The novel or unconventional devices of particular interest are: () cascade ar-
rangement of MVC machines, (2) MVC machine without a condenser using methyl alcohol
as the working fluid, (3) open-cycle absorption machine using sulfuric acid and water as
the working fluids, and (4) semi-open air-cycle machine.

For discussion purposes. refrigeration and dehumidification systems may be
divided into three primary groups: (1) those that have phase change of the working fluid,
(2) those that do not have phase change of the working fluid, and (3) those that use solid-

state devices.

In the first group, "phase change of the working fluid", are the systems that per-
form their refrigeration or dehumidification functions by means of a sequence or cycle of
thermodynamic processes, one or more of which involves a phase change of the working
fluid or fluids. As will become evident, only the liquid-vapor phase change is applicable.
In the second group, "no phase change of the working fluid", are those devices that are
normally considered to operate by a sequence or cycle of processes none of which in-
volves a phase change of the working fluid. Here the gaseous phase is most applicable.
In the last group, "solid-state devices", are the semi-conductor devices that operate by
means of various combinations of coupling phenomena between temperature, electrical,
and magnetic potentials. The Peltier thermoelectric device is perhaps the best known of
this group.

All of the devices considered, including those that were found to be not applicable

to shelter cooling, are discussed in the following sections.

I

I
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PHASE CHANGE OF WORKING FLUIDS

Refrigeration and dehumidification devices in which the working fluid indergoes a
phase change can be grouped according to utilization of the working fluid and according
to the form in which the energy required for operation must be suppliad.

.. wo -methods of using the working flaids are available. One, th can be used once
in an open-cycle device (expendable fluid) and discarded, or, two, they can be regen-
erated and used repeatedly in a closed-cycle device (nonexpendable fluid).

The fozrn of the energy required to operate the device may be: (I) shaft power
(mechanically motivated), (2) heat (thermally motivated), or (3) stored in the working

.,-fluids (self-motivated)... ..

NONEXPENDABLE FLUIDS - MECHANICALLY MOTIVATED DEVICES

Thi following discussion deals with mechanically motivated refrigeration devices
that operate on a closed cycle and with a phase change of the working fluid. The liquid-
vapor phase change is the only one applicable and all devices covered operate on the
mechanical-vapor-compression (MVC) cycle. The discussion is divided as follows:
single-stage, multistage, and noni3othermal.

The air-conditioning and refrigeration industry today is based, to a great degree,
on MVC refrigeration devices. These operate on a thermodynamic cycle that is well
understood and with equipment that is, for the most part, highly developed. Much in-
formation is readily available, particularly in the American Society of Heating, Refrig-
eration, and Air Conditioning Engineers Guide and Data Books and it will not be repeated
here. Rather, problems arising because of the unique requirements of shelters will be
considered and information will be presented for use in estimating the cost of complete
shelte cooling systems.

MVC - Single Stage .

ingle-stage MVC equipment can operate with a heat sink at normal (less than
120 F or abnormal (above 120 F) temperature.

Disregarding standby requirements and assuming normal temperature conditions,
there is little reason to question the tec.inical applicability of present MVC equipment.
The commercial trend is to increase market attractiveness by cost reduction. This is
being accomplished, in part, by the wide manufacture and use of factory-assembled

.equipment. Known under the general title of "unitary air conditioners", this equipment
is presently available from a large number of manufacturers in unit capacities from
24, 000 to 900, 000 Btu per hr (2 to 75 tons). Most units employ hermetic or semi-

herme .c reciprocating compressors and are designed to operate with Refrigerant 12,

Z--, or 500. Condensers are air, water, or evaporative cooled. Both direct-expansion

!/
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and chiller models are available. The units are divided into four classes, A, B, C, and
D, depending on the relati.-e location of the various components. Class A includes all
single-package direct-expansion assemblies. Classes B and C include direct-expansion
units with the components divided into two packages. Class D comprises chiller-type
units.

Complementing the unitary types is a wide range of built-up eqtipment for those in-
stallations that require custom-designed systems.

The performance of MVC equipment varies with the particular installation and the
operating conditions. Detailed information is best obtained from the manufacturer.
However, Table 11 gives a representative range of performance values.

.1TABLE1I. REPRESENTATIVE PERFORMANCE OF-MVC EQUIPMENT
UNDER NORMAL CONDITIONS

Coefficient of Heat-Rejection
Type Cooled Performance (COP) Factor (HRF)

Unitary or -Air 1.8 - 3.2 1.6- 3
built-up Water or

evaporative 2. 6 - 4. 4 1.4.- 1.2

The unitary types are most simply ..nd economically installed; they are available for
inside and outside placement and for all arrangements of mounting. For example, floor,
wall, and ceiling mounts are available. The plumbing connections required to and be-
tween components depends on how the unit is cooled and if it is a direct-expansion or a
chiller unit. The installation of built-up systems is somewhat more involved. Individual
components must be placed and then interconnected. Since they are not precharged with
refrigerant, it is necessary that they be evacuated of noncondensible gases and moisture
and then charged with refrigerant. All types, however, require electrical wiring. The
cost of providing the electrical power connections to a unit is a significant economic
consideration. A good working figure is $40 per horsepower.

The requirements for the standby period must be further investigated. Conven-
tional air-conditioning equipment is installed for use either during only the summer
months or on a continual year-round basis. During this research, instances were found
in which equipment was kept on a standby basis for extended periods. At present it
appears that the best approach to insuring reliable operation is periodic exercising of
the equipment along with replacement of critical seals and control components as
necessary.

The safety aspects of MVC equipment under normal operating conditions are gen-
erally considered excellent. However, for shelter applications consideration must be
given to the high refrigerant pressures that can exist in this equipment and the effects of
possible refrigerant leaks into the shelter. Separating the equipment from the occupied
area may be advisable.

From the standpoint of comfort, attention must be given to kerping noise and vi-

bration to an acceptable level. As most of this equipment employs recipkocatiig corn-

pressors with self-actuated valves, there are vibration and noise problems which can
best be solved by separating the equipment from the occupied portion of the shelter.
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The configurations of MVC equioment are varied. in general, however, the space
required is as shown in Ta'l.e 12. The larger capacity units make better use of available

space.

TABLE 12. SPACE REQUIREMENTS FOR MVC EQUIPMEN"

Capacity, Sq Ft per Ca. Ft per

Type Btu per hr 1000 Btu per Hr 1000 Btu per Hr

Unitary 24,000 - 0.46 -0.11 0. 4 -0. 11
900,000

The comparative costs of different types of MVC equipment are shown in Figure 41.

The dashed lines represent built-up equipment; as can be seen the installed cost de-

creases as unit capacity increases. For moderate-production quantities this is a normal

cost curve. Unitary equipment is represented by the solid lines. These curves deviate

from the normal pattern because of mass-production quantities. This is particularly

true of the popular single-assembly units of lower capacities. In general, water-cooled
tinitary models are less expensive than air cooled, and evaporative-cooled units are

about equal in cost to air-cooled units. The cost of chiller units runs 5 to 10 per cent

above the cost of direct-expansion units.

Because a survival shelter might not have access to a normal temperature sink,
the refrigeration device might have to be designed to make use of a sink at a higher than
normal temperature level. This sink could conceivably be water boiling at 212 F. While

lIVC equipment using higher than normal condensing temperatures is known, rarely has

such equipment been designed for sink temperatures above about 160 F. Some examples

of high-condensing temperature MVC equipment are: heat pumps, ground-based military

equipment, and specialized aircraft equipment.

Several disadvantages and problems are associated with high-temperature con-

densing. A disadvantage can be thought of as something that lends itself to a rather ob-

vious, direct, and, therefore, generally successful solution. A problem, on the other

hand, is of a more complex nature and Lt remains .problem. For example, some of the

disadvantages of high-temperature condensing aret lower COP, higher condensing pres-

sures, reduced compressor capacities, and increased mechanical loadings. These dis-

advantages can be overcome by such direct methods as, respectively, increasing the

capacity of themotivating energy source, using heat exchangers, tubing, and fittings of

higher pressure rating, and employing compressors of larger-capacity- and of-more- - ------

rugged design. The problems, however, center around the degradation of the refriger-

ant and lubricant and are not as easily solved.

Figures 42 through 48 show calculated operating characteristics for a simple

MVC cycle operating with a wide range of refrigerants at condensing temperatures up

to 212 F. The refrigerants used are listed in Table 13. The basic assumption for the

calculatious were: an internal evaporator temperature of 50 F, an internal compression

efficiency of 75 per cent, and a mechanical efficiency of 90 per cent. Figures 42, 43,

and 44 show, respectively, the effects of various refrigerants and a variable condensing

ternperature on the coefficient of performance, heat-rejection factor, and required

compressor power. Figures 45, 46, and 47 are, respectively, the pres-ure ratio

across the compressor, refrigerant mass flow rate, and refrigerant volumetric flow

rate at the compressor inlet. Figure 48 shows vapor pressure-temperature plots for the
refrigerants studied.
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TABLE 13. REFRIGFRANTS USED FOR CYCLE ANALYSES

ASHRAE Normal Boiling
Number Chemical Name Formula Mol. Wt. Point, Deg F

HALOCARBON COMPOUNDS

11 Trichloromonofluoromethane CC'3 F 137.4 74.8

12 Dichlorodifluoromethane - CCI2F2  . ..... ... 120.9 -21.6
13 Monochlororrifluoromethane CCIF3  104.5 -114.6
21 Dichloromonofluoromethane CHC12F 102. 9 48.1
22 Monochlorodifluoromethane CHCIF2  86.5 -41.4

30 Methylene Chloride CH2 CI2  84.9 105.2
40 Methyl Chloride CH3 CI 50.5 -10.8

113 Trichlorotrifluoroethine CC12 FCCIF 2  187.4 117.6
114 Dichlorotetrafluoroerhane CC1F 2 CC1F2  170.9 38.4

152a Difluoroethane CH 3CHF2  . 66 -12.4 .

MISCELLANEOUS ORGANIC COMPOUNDS

Azeotropes

500 Refrigerants 22/152a, CC32 F2 /CH3 CHF2  99.29 -28.0
73.8./26.2 wto

Hydrocarbons

170 Ethane CH3 CII3  30 -127.5
290 Propane CH 3CH2CH 3  44 -44.2

600 Butane CH 3CH2CH2CH 3  58.1 31.3

INORGANIC COMPOUNDS

,17 Ammonia NH3  17 -28.0
718 Water H20 18 212

729 Air 29 -318

744 Carbon dioxide C02  44 -109 (subl)
164 Sulfur dioxide S02 64 14. 0

As previously stated the problems of high-ternperature condensing are degradation
of the refrigerant and lubricant. This degradation is a thermal decomposition of the

refrigerant and lubricant which is complicated by chemical interaction between the re-
frigerant and lubricant, the materials of construction, and any contaminants that may be
originally present in the system or formed during its operation. The products of this

degradation appear in all phases, that is, gaseous, liquid, and solid; and they are the
ultimate source of problems. For example, a gaseous product will collect in the heat ...

exchangers, increasing the absolute pressure level and reducing capacity by interferring
with the mass transfer of the condensing or evaporating refrigerant. The most harmful
liquid products are those that are acidic. These attack critical mechanical components

such as compressor valves, expansion valves, and bearing surfaces within the com-
pressors. The solid or sludge products hinder operation by fouling surfaces and block-

ing vital refrigerant and lubricant passages.

With presently available information on decomposition it is impossible to predict

the amount of difficulty there might be in the development of an MVC device capable of

rejecting h.at to a boiling water sink. While some data on decomposition rates are

available, generally they are for temperatures well below 212 F. Moreover, there is
no reliable method for relating these rates to a reduction in performance or failure of a
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particular syste, On the other hand, one consideration that favors a successful devel-
opment for shelter applicat',ns is the short operating period required. Two weeks is

quite short when compared with normal operating requirements for refrigeration And
air-conditioning equipment.

MVC - Multistage

In the MVC cycle the pressure ratio across the compression device is a direct
function of the temperature difference between the evaporator and the condenser. Any

increase in this temperature difference results in an increase in the pressure ratio.

Depending on the particular applicatior,, at some point the pressure ratio eventually
reaches a value where, for any one of several reasons, it becomes impractical to ac-

complish the comp.ession process in a single stage. The solution is to employ two or --

more stages of compression. This can be done through either direct staging or cascade

staging.

Direct staging is also known as compound staging. In this arrangement the com-
pressors are connected in serics as shown in Figure 49A. Refrigerant vapor leaving

the evaporator is compressed to an intermediate pressure by the first compressor and

then discharged to an intercooler. In the intercooler the refrigerant vapor is desuper-
heated to some degree before it is introduced to the intake of the second compressor.

If only two compressors are used, the refrigerant vapor is discharged from the second

compressor to the condenser. The intercooler desuperheats the refrigerant vapor by

throttling liquid refrigerant from the condenser to the interstage pressure at the inter-

cooler. Figure 49A shows a shell-and-coil type intercooler; two others, a flash type
and a dry-expansion type are also available. In addition to desuperheating the vapor, the

intercooler reduces the temperature of the liquefied refriger.Ant below condenser condi-

lions, thereby increasing its capacity to absorb heat in the-evaporator.

Cascade staging of two compressors in somewhat less involved. As shown in
Figure 49B this arrangement is simply two separate vapor compression cycles joined
thermally at an intermediate heat exchanger. The intermediate heat exchanger, or
cascade condenser, combines the condenser for the lower cycle and the evaporator for

the upper cycle.

The widest application of staged compression is in the field of low-temperature
refrigeration. Single-stage refrigeration devices are acceptable down to between 0 and
-40 F, depending on the capacity of the unit. At lower evaporator temperatures the

drop-off in capacity-and- operating efficiency-beromes signific-anT.-The-ineasdpes-
sure ratio also results in an undesirable increase in the vapor discharge temperatures.
For evaporator temperatures down to about -125 F, compound compression can be used.
The limitation here is associated mainly with the refrigerant, that is, one is required

with a boiling temperature below the desired operating temperature and a reasonable
condensing pressure. For temperaturcs below -l25 F, cascade staging is usually
required.

The application of staged compression to the shelter situation is obviously directed
toward high-temperature condensing and, in pafticular, toward the ultimate employment
of boiling water as the heat sink. The advantages of compound over single-stage com-

pression at high-temperature condensing conditions would be increased efficiency and

/
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reduced vapor discharge temperatures. The reduction in vapor discharge temperatures
is of major significance. As pointed out in the preceding discussion on single-stage

devices, the high-temperature degradation of the refrigerant and lubricant appears to be
the factor that would limit the successful development of a high condensing temperature
MVC device.

The advantages and disadvantages of compound and cascade compression should
be compared. Since the cascade system is made of separate refrigerant circuits, it is
possible to employ different refrigerants. The degradation problem rr,iL be overcome
in either system and it appears that he cascade system would facilitate the matching of
a refrigerant and a lubricant for high-temperature duty. Also, with different refriger-

ants, component design would be simplified since pressure levels, specific volumes etc.,
could be better selected. The disadvantage with the cascade system would be a some-
what reduced operating efficiency due to the temperature difference that must be over-
come at the cascade condenser.

Selecting the two-stage cascade system for high-temperature condensing, some
example calculations were made for a number of refrigerant combinations. For these
calculations t!.e following assumptions were made: evaporator temperature, 50 F;
cascade condenser temperature, 110 F; final condenser temperature, 212 F; internal
compressor efficiency, 75 per cent; and compressor mechanical efficiency, 90 per cent.
The results of the calculations are listed in Table 14. Also included are the results of a
single-stage MVC cycle operating between 50 and 212 F with several refrigerants. This
information is of value in the final cooling system analysis where heat sink capacities and
the size of the motivating energy source are required.

On the basis that a two-stage cascade MVC system is the equivalent of two sep-
arate devices, the cost must be considered as double that of a single-stage MVC system.

MVC - Nonisothermal

Nonisothermal refrigeration is a concept that makes use of an often overlooked fact
that the Carnot cycle is not invariably the most efficient cycle possible. For example,
Figure 50 shows a series of schematic temperature-entropy diagrams. Part "a" shows
two lines on a T-S plot which represent heat source and heat sink fluids that have a finite
specific heat. Upon passing through the heat exchangers of a refrigeration device, the
heat source fluid will, therefore, undergo a temperature decrease and the heat sink fluid
a temperature increase. In Figure 50b a Carnot-cycle refrigerator that is capable of
operating with the same source and sink has been superimposed on the diagram. Note . ..
that in order for the Carnot cycle working fluid to accept and reject heat isothermally,
its lower temperature must be somewhat below the minimum temperature of the heat
source. As can be seen, the heat exchanging processes between the refrigerant working
fluid and the source and sink materials will be quite irreversible. A cycle which has a
much closer approach to external irreversibility is shown in Figure 50c. Here the

temperature profiles of the refrigerant working fluid closely match those of the heat
source and heat sink materials. This cycle obviously requires less work input for the
same refrigeration effect.
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FIGURE 50. TEMPERATURE-ENTROPY DIAGRAMS FOR A HEAT SINK,

A CARNOT CYCLE, AND A NONISOTHERMAL REFRIG-
ERATION DEVICE

In brief then, the most efficient refrigeration cycle is one that consists of pro- I
cesses that are thermodynamically reversible both internally and externally. The non-

isothermal approach attempts to reduce externally induced irreversibilities by reducing
log-mean temperature differences. This, in turn, is accomplished by matching the tem-
perature profiles of the internal working fluid more closely to those of the heat source
and heat sink materials. [

A numeiical example of the improvement possible can be obtainedt by considering
the temperatures shown in Figure 50. One assumption made is that a minimum temper- [
ature difference of 10 F always exists. The numerical calculations are as follows:

Isothermal Case Nonisothermal Case

TL 500 5 C TL ean 51 [COP =0 5 =05 COP =- I 58-1

(TS-TL) (600-500) 100 TSmeanLmean  (585-515)
515 I  [

- = 735

The 47 per cent increase in COP for the nonisothermal case is due to the smaller mean -

temperature span over which the hcat is pumped and the higher absolute mein ternper-
ature of the heat source. j

Attempts to adapt this concept to MVC refrigeration have been made, but with
limited success. The approach is to use a binary mixture of refrigerants with one com-
ponent being somewhat more volatile than the other. In the evaporator, then, a larger

percentage of the more volatile component is vaporized first at the lower temperature.

As the remaining solution becomes richer in the less volatile component, the boiling I.
temperature increases. The reverse occurs in the condenser where the less volatile

I
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component tends to condense first at the higher temperature, followed by an increasing
percentage of the more volatile component as the condensing temperature decreases.

Limited success in the past has apparently been due to some lack of appreciation
for the thermodynamic irreversihilities that can be easily induced as a mix.are is moving
between the liquid and vapor phases.. If equilibrium conditions are not approached, in-
ternal irreversibilities develop which help to negate any improvements that may be made

externally. In the few published cases in which the investigators were aware of these
problems, some limited improvernent in the operation of actual equip;: , nt was
demonstrated. (30) However, it appears that there is still a great deal of work to be done

and much to be learned before this concept will become practical.

The advantages of usirg nonisothermal MVC systems in the shelter situation are
obviously along the lines of less installed horsepower required to drive the device and

smaller heat sink needs. However, in view of the state of the art, these savings would
probably not justify the research and development costs.

NONEXPENDABLE FLUIDS - THERMALLY

MOTIVATED DEVICES

Frequently, there is a lack of appreciation for the fundamental fact that thermally
motivated refrigeration devices are somewhat subtle combinations of heat engines driv-
ing heat pumps. A simple thermally motivated refrigerator operates at three temper-

ature levels: below sink temperature, at sink temperature, and above sink temperature.
Thus, the energy required so that the refrigerator section can pump heat from below
sink temperature to sink temperature is derived from the engine section which allows
heat to drop from above sink temperature to sink temperature. A familiar example is
tie simple absorption-cycle refrigerator in which the generator operates above, the
condenser and absorber at, and the evaporator below sink temperature. Here, the con-
denser and evaporator can be thought of as the heat-pump section that is driven by the
heat-engine section made up of the generator and absorber. Figure 51 shows a schematic
arrangement of components for the simple absorption cycle.

An understanding of the above is important for several reasons. First, it makes
obvious the fact that the use of direct heat motivated refrigerators for shelter cooling
offers a potential for significantly reducing the amount of installed horsepower required
in a shelter in the form of internal combustion engines. For some shelters and shelter
conditions this could be a significant consideration. Second, it explains why these de-
vices have huat-rejection factors that are larger than those usually reported for mechan-

ically motivated refrigerators for which the heat rejected by the source of motivating
energy is ordinarily not included. Third, it is indispensable to an understanding of how
direct thermally motivated refrigeration devices can be made more efficient. An ex-
ample here is a complex absorption cycle that accepts its motivating heat at a temper-
atur,- level higher than that possible with a simple cycle. This allows the motivating
heat to drop over an increased temperature span for potentially more efficient engine

operation.

The possibility of using new combinations of working fluids for cloL:d-cycle
absorption devices was given some study during this program. This was found to be an
old problem that has received'a great deal of both theoretical and practical
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incstigation. (30, 31) The many requirements for a successful working fluid combination
have eliminated all but ammonia-water and lithium bromide-water as being practical.
While it is true that shelter application presents some unique conditions, in particular,

short-term operation, there were no new combinations of refrigerant and absorbent
found that appeared to offer any significant advantages.

Absorption - Lithium Bromide and Water

Conventional absorptio:.-cycle refrigeration equipment, operating on the simple
cycle and employing water as the refrigerant and lithium bromide as the absorbent, is
available in unit capacities ranging from approximately 3 to 1, 000 tons. Two basic

types are available: one de3igned for residential and small commercial applications and
the other for large commercial air-conditioning applications and industrial process
,cooling. The residential type covers the unit capacity range between 33, 600 and 600, 000

Btu per hr (2. 8 and 50 tons). Unit capacities for the commercial type range from
624, 000 to 12, 000, 000 Btu per lir (52 to 1, 000 tons).

The basic difference between residential- and commercial-type units is the method
used to circulate the working fluids within'and between the various components. In the

commercial-type units, electrically driven pumps are used to transfer and recirculate
the absorbing solution and liquid refrigerant. The residential units accomplish working
fluid transfer by thermal means. Heat is applied in the generator to cause the working
fluids to rise to higher elevations. Return of the working fluids to the generator, by

way of the other components, is by gravity heads and pressure differences. The small
pressure difference, amounting to about 60 mm Hg, between the high and low pressure

sides of the lithium bromide-water cycle makes this method feasible. Of course, the
electrically pumped commercial units make more efficient use of area and volume for

purposes of heat and mass transfer, and are therefore more compact machines.

An additional difference between residential- and commercial-type units is the
method of applying Lhe motivating heat to the device. A large percentage of the residen-

tial types are designed for direct firing with a gaseous fuel such as manufactured gas,
liquid petroleum gas (LPG), or natural gas. Although oil-fired units are not available,

they have been constructed, are feasible, and if reqjuired could be developed for shelter
use with little difficulty. Units with capacities under about 6 tons are exclusively direct

fired. Residential units of over 72, 000 Btu per hr capacity are available either direct or
indirect fired. Indirect fired units use low-pressure steam, usually between 2 and

.15 psig, with 10 to 12 psig being the most common. All commercial-type equipment is
designed for indirect firing with low-pressure steam or high-temperature liquids.

At present, residential-type units are manufactured by only one company which is
closely associated with the gas industry.

The construction of the residential types is of welded steel to produce a completely
sealed or hermetic unit. They are basically water chillers; however, direct-expansion

units are available in capacities below 72, 000 Btu per hr. Heat rejection from the units
is either to well water, remote cooling tower, or the atmosphere by way of an integral
cooling tower. Air-cooled lithium bromide-water equipment is not available. The
reason for this is that direct cooling cannot reliably maintain the absorber at a temper-
ature below that where lithium bromide hydrates can form in the absorbing solution.

This crystallization is highly undesirable as it clogs liquid lines and heat exchangers.
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The commercial-type equipment is presently available from three separate manu-
facturers of air-conditioni, equipment. Absorption refrigeration is ideally suited to

those air-conditioning applications where low-pressure steam is available, such as from
a boiler used to carry the winter heating load. The construction of the commercial units
is basically welded steel to form a semihermetic unit. Certain joints can b, disas-
sembled to permit repair or replacement of pumps and certain control components.
These units are exclusively chillers, either of water or a process fluir. Heat rejection
is normally to well water or a remote cooling tower.

One universal problem associated with lithium bromide-water aLsorption re-
frigerators is the leakage of air into the equipment. With water -s the refrigerant work-
ing fluid, the absolute operating pressures are quite low being, respectively, about

10 mm Hg and 70 mm Hg on the low and high side components. The inward leakage of air
is highly undesirable for two reasons: it accelerates corrosion, and it interfers with
mass transfer. Of these, the mass-transfer problem is the least troublesome and from
one aspect quite useful. If it were not for the fact that the lithium bromide solution is

quite corrosive when in contact with the oxygen in the air, the leakage problem would be
easily overcome with a suitable purge pump. The semilhermetic commercial units em-
ploy purgi pumps of one design or another, but with limited capacities. Purge pump

capacity is limited as a safety measure to prevent extensive long-term corrosion damage
in the event of a sizable air leak. If a sizable leak should develop, air would interfere
with the refrigerant vapor mass-transfer processes and the machine would automatically
lose refrigeration capacity. With a limited-capacity purge pump, the leak would have to
be repaired before the machine could be restored to service. For shelter purposes, the
operating period would be quite short. A much higher corrosion rate could be tolerated.
Absorption equipment specified for shelter use should, therefore, be equipped with
high-capacity purge pumps to insure that cooling can be maintained. This is also pos-
sible with hermetically sealed residential types which are equipped with service taps for
the periodic purging of noncondensibles.

The thermodynamic performance of both the residential and the commercial types

benefits from the advantages inherent in the use of a nonvolatile absorbent. Nominally,
both types develop a COP of about 0. 67 and a HRF of about 2. 6. These values are based
on quantity of heat added at the generator, the net cooling capacity developed at the evap-

0 orator, and the quantity of heat rejected at the absorber and condenser. In the case of
direct-fired residential units, the COP is usually l'ased on the heating value of the fuel.

This method takes into account a heat-exchanger efficiency which does not appear in the
ratings of indirect-fired units. Table 15 lists the significant information.

TABLE 15. NOMINAL PERFORMANCE OF SIMPLE-CYCLE LITHIUM
BROMIDE-WATER ABSORPTION EQUIPMENT .. .

Capacity,
Type Fired 1, 000 Btu per hr COP IIRF

Residential Direct 34 to 300 0. 5* 2. 6

Residential Indirect 180 to 600 0. 67 2. 6

Commercial Indirect 624 to 12, 000 0.67 2. 6

*BASEd on heating vAlue of fuel.
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Deviations from the nominal figures shown in Table 15 do exist and are functions of
the type and make of unit, sink and evaporator temperatures, and steam pressures where
the unit is indirect fired. Detailed information of this type is best obtained from in-
dividual manufacturers.

One consideration that may limit the application of lithium bromide absorption
equipment to shelters is the rather narrow range of sink temperatures that can be tol-
erated. As already mentioned, direct air-cooled units are not availible since the re-
quired upper temperature limit at the absorber cannot be maintained rliably. The prob-
lem stems from the fact that as the sink temperature rises whiLe rn titaining the same

evaporator temperature, the absorbing 'solution in the absorber must be of a higher ab-

sorbent concentration. Unfortunately, this increase in solution concentration can only

be carried so far due to the existence of a phase boundary where a precipitate of a lithium
bromide hydrate begins to form. If allowed to form, the hydrate will clog the solution
return line in the solution heat exchanger and perhaps portions of the absorber. In any

case, solution flow is disrupted and the unit is incapable of functioning properly. Under
normal air-conditioning conditions when chilled water at 40 to 50 F is being supplied, the
inlet sink water temperature is limited to about 90 F. This provides a cushion of about

* 15 F before hydrate crystallization can occur. For shelter applications where higher
chilled water temperatures of 60 to 70 F can be used, the allowable inlet sink tempera-
ture may be increased to about 100 F or perhaps as high as 110 F. A similar crystalli-
zation problem exists if the inlet sink temperature is too low. This, however, is rather

easily overcome and should not pose a serious problem.

The auxiliary power requirements of lithium bromide-water absorption cycle equip-

ment are very low. For example, a 60, 000 Btu per hr residential type direct-fired unit
supplying cool air is equipped with a 3/4-hp electric motor to power the air blower. A
similar unit functioning as a water chiller is equipped with a 1/6-hp motor to power the

chilled-water circulating pump. The requirements for conunercial-type equipment are
'equally low. One manufacturer lists three electric motors totaling 5 hp for a unit rated
at 624, 000 Btu per hr, and only 19 hp for a unit rated at 12, 000, 000 Btu per hr. On the

commercial-type units the motors are used to power refrigerant and'solution pumps and
in some designs a purge pump.

Load modulation on the residential type units is accomplished by an on-off control

of the fuel burner. In some models two burners a-e used and a 50 per cent reduction in
capacity is possible by operating only one burner. The indirect-fired residential-type
units have steam valves to provide the sarne type of load modulation. The commercial
nits, on the other hand, have virtually infinite variability over their entire load range.

Basically this is made possible by pumping to the generator only that quantity of solution
that is required to carry the cooling load. Overloads do not harm either type of unit and
pnly result in a rise in the temperature of the outlet chilled water or air. The time and
skill required to bring these units to full operation from their stand-by condition depends,
f course, on the degree of "mothballing". Basically, however, these devices are not

Somplicated and operator skill required should be at a mininimum. Once charged with the
orking fluids, supplied with a sink fluid, and provided with motivating heat, these units

rapidly take up load.

Installation of both types of units is basically a plumbing job. Other than for level-
ng the units, the foundation need not be of special design. Once placed and leveled the
sits are piped or ducted to their source of cooling load and heat sin:, fluid. A fuel supply

line and combustion air supply and flue are required for the direct-fired units. The

I -
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indirect-fired units using steam require a supply line and a condensate return line. Low-

power electrical lines are required to operate the pump, fan motors, and control system.

One installation requirement is storing the lithium bromide absorbing solution out-
side these units during the stand-by period. This solution is corrosive and for long
periods of standby it would be safer to delay charging the unit with the solution. The
unit itself can be kept under a deep vacuum continually. Compared to pressurizing the
device with an inert gas, such as nitrogen, the vacuum arrangement will allow the rapid
detection of leaks that may develop and will also reduce the required capacity of the purge
pump.

Standby maintenance on these units, providing they remain sealed air tight, would

be primarily a job of seeing that external valves, pumps, and controls are in operable

condition. Internal pumps on the commercial-type units not charged with solution could

be exercised by temporarily charging the machine with water to test circulation.

Controls are simple and of low power leiels because no large electrical motors are

needed. Electrical controls are used for the residential types and electrical or pneu-

matic are available on the commercial types.

Safety and comfort aspects of both are good. These devices operate at below at-

mospheric pressure, and the lithium bromide solution is corrosive, but not toxic or
otherwise highly dangerous. Noise and vibration levels are both low.

Representative size data are shown in Table 16. These figures reveal that the
pumped commercial-type units make more efficient use of available volume and floor
space. In general, the units can be described as long and high.

TABLE 16. SIZE DATA' FOR SIMPLE-CYCLE LITHIUM BROMIDE-WATER
ABSORPTION EQUIPMENT

Sq Ft Per Cu Ft Per

Typc Fired Configuration 1,000 Btu per hr 1,000 Btu per hr

Residential Direct Direct expansion without 0. 2 to 0. 3 1 to 1. 5
cooling tower

Water chiller without 0. 1 to 0. 3 0. 7 to 2
cooling tower

Water chiller integral 0. 4 to 0. 5 2 to 3
. . .cooling tower

Indirect Water chiller without >0. 1 0. 5
tower or boiler

Commercial Indirect Water chiller without >0. 1 0. 2 to 0. 5
tower or boiler

The installed cost of lithium bromide-water absorption equipment is shown in
Figure 52.
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Absorption -Ammonia and Water

The availability of ammonia-water absorption cycle air-conditioning equipment is
somewhat limited. At the present time, there is only one manufacturer on t'tc market
with relatively small capacity residential-type units. (33) Another organization has aI
residential-type unit well along in the field test stage but has not e.-terad production.
Larger capacity ammonia-water absorption refrigerators are built; how'ever, these are
generally very large capacity custom-designed systems for industrial pr-oces s coolingI
applications at temperatures below 32 F. For process cooling above 32 F and general
air-conditioning applications, where low-pressure steam is availablef the mechanically
simpler, safer, and more efficient lithium bromide-water equipment is preferred.

In the ammonia-water absorption cycle, ammonia serves as the refrigerant and3
water as the absorbent. The advantages of this combination over lithium bromide-water
are: it can operate at evaporator temperatures lower than the freezing point of water,

and it is not sink-temperature limited because of the formation of a hydrate. Some of the I
comparative disadvantages are: ammonia is toxic, internal pressure levels are well
above atmospheric, and the absorbent is volatile. Only the second advantage, not being

sink-temperature limited because of hydrate formation, justifies consideration of the use I
of the amnmonia-water combination of air conditioning. This feature allows the resi-
dential units to be directly air cooled in contrast to the lithium bromide-water units3
which must be water or evaporative cooled.3

The two sizes of units presently available on the market have capacities of 36, 000
and 54, 000 Btu per hr, are air cooled, and are designed to be gas fired exclusiv ely. To 3
avoid toxicity problems, they are designed as water chillers and to be installed outdoors.
Construction is of the completely welded hermetically sealed type with solution transfer
from absorber to generator by means of a trap system that is thermally motivated. On
the basis of the heating value of the fuel, the units develop a COP of about 0. 3 for a total
HRF of about 4. 3. Nominally they are rated with an inlet air-sink temperature of 95 F,
but they have been run at up to 115S F. This is about the upper limit due mainly to,
pressure-vessel safety considerations. At 115S F inlet air sink temperature, the maxi-
mumn working fluid pressure is about 300 psia and it rises rapidly with increases in

sink temperature.

Auxiliary power requirements are low. Each unit is equipped with a 1/8-hp motor
to power the chilled water pump and a 1/2- or 3/4-hp motor to power the fans for the
36, 000- and 54, 000- Btu per hr units, respectively. All motors are 1 15-v, 60-cycle,
single-phase. The fans deliver 125 cfm per 1, 000 Btu per hr of refrigeration.

Capacity modulation is by on-off control of the fuel supply. Time required to reach
full capacity is not a problem and, as with other absorption machines, overloads do not
damage.

Installation of these units is simple. Special foundations are not required. Being
package units, they require only access to a supply of cooling and combustion air, a vent,
connections to the chilled water circuit, electrical service, and a fuel supply. As for
the direct-fired residential lithium bromide units, there is no technical reason that pre-
vents the ammonia-water units from being directly fired with oil. Sta-ndby maintenance
should be moderate on a hermetically sealed unit of this type. The corros ion prob' mn is

not n early as severe as it is with lithium bromide-water units, which would allow the
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ammonia-water units to remain chargLd with working fluid during the standby period.
The quantity of charge would require periodic checking as would the general operation of
the unit to insure that pumps, fans, fuel 3ystem, and control system were fully operable.

Some safety measures must be obsezved. Because ammonia is used a, the re-
frigerant, these units must be isolated from the habitable shelter area and its air in-

takes. High pressures are another safety consideration. Under ncrmal operating con-
ditions, pressures of 300 psia exist in the generator and condenser. Cornfort aspects
are good. Since there are no large rotating parts, these units are frec ,f severe vibra-
tion problems. Isolation of the unit from the shelter should eliminate transmission of the

sink-air fan noise.

Performance and size data are given in Table 17. The units could be described as
cube shaped.

TABLE 17. PERFORMANCE AND SIZE DATA FOR AVAILABLE AMMONIA-WATER
ABSORPTION EQUIPMENT

Sq Ft Per Cu Ft Per

Type Capacity Fired COP HRF 1,000 Btu per Hr 1,000 Btu per Hr-

Residential 3 to 4. 5 Direct 0. 3(a) 4. 3 (b) 0. 3 to 0. 4 1.7
ton (3.4)

(a) Based on heating value of fuel..
(b) 4.3 overall, 3.4 based on heat rejected at condenser and absorber.

The approximate installed costs for the 36, 000 and 54, 000 Btu per hr models are,
respectively, $29 and $27 per 1, 000 Btu per hr of cooling. These values are also shown

in Figure 52.

A prototype ammonia-water unit which is under development differs in several

ways from the one just described. The most important difference is that it uses an elec-
trically driven diaphragm pump for solution transfer. One of the most dif _cult prob-
lems in the design of residential size ammonia-water absorption air conditioners is the

transfer of the solution from the absorber to the generator. This is a high-head, low-
volume situation with the additional requirements of no leakage, high reliability, and in-

expensive construction. The unit presently on the market meets these requirements with
a trap system. While the trap system has proven reliable, it is a thermally motivated

.... device and quite inefficient. An electrically pumped unit is more. desirable as it not only

improves the COP, but allows reductions in the reservoir and heat exchanger-sizes be-e ...
cause of the more uniform pumping action. The COP of the electrically pumped unit is

reported to be in the range of 0. 4 to 0. 45, based on the heating value of the fuel.

It is possible at the, present time to build ammonia-water absorption equipment for
shelter application,%. Units could be of most any capacity, direct or indirect fired, and
water or air cooled. Again, however, the only advantage they would have over lithium

bromide-water units would be an ability to operate at somewhat higher sink temperatures.
This too, however, has its limiting considerations. First, the ammonia-water absorp-
tion machine is the more structurally complicated of the two. This is partially due to the
higher pressure levels that must be contained since ammonia is the refrigerant. The
higher pressures dictate a construction quite different from that of the rather simple and

•if'
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straightforward design of lithium bromide-water units. Operation at sink temperatures
above those normally availa.le would mean an even stronger and no doubt more expensive
design. A second consideration is that the ammonia-water absorption cycle is inherently
less efficient thermodynamically due to the volatility of the absorbent. To improve the
thermodynamic performance, analyzers and rectifiers are employed. This xlso requires
greater structural complication. More directly, higher sink temperatures can mean the
need for higher generator temperatures which increase the percentage of undesirable
water vapor coming off the generator. This problem, however, can be reduced some-
what because of the higher evaporator temperatures allowable in shel:-r applications.

Considering the above, special ammonia-water absorption-cycle equipment would
offer a direct thermally motivated refrigeration device capable of operating at sink tem-
peratures above those possible with lithium bromide-water equipment, but with the dis-

.advantages of higher cost, lower efficiency, and more safety hazards.

Absorption - Ammonia-Water-Hydrogen

The three-fluid absorption cycle refrigerator is a device specially designed and
suited for low-capacity applications where high reliability is desired. No advantages
were found that would serve as a basis for recommending further development of this
device for shelter cooling.

In the preceding discussion on ammonia-water absorption devices, mention is made
of the fact that the transfer of solution from the absorber to the generator is a difficult
design problem. Part. of the problem is brought about by the pressure difference be-
tween these two components. For example, under normal air-conditioning conditions
the absorber pressure will be about 55 psia while the generator pressure may be close
to 300 psia. One way to overcome this problem is to put a third noncondensible gas
such as hydrogen into the low-pressure components, that is, the evaporator and ab-
sorber. Enough*gas Is added to bring the total pressure in these'components up to that
in the generator and the condenser. This eliminates the pressure difference and solution
transfer can be accomplished by very simple means.

Application of the three-fluid absorption refrigeration cycle has been in the field of
home and portable-type refrigerators; it has not been used in other applications because
of its awkward size and shape. This concept permits a completely hermetic design with
all fluid transfer motivated thermally. The cooling capacity per cubic foot of machine is
quite low, partially because of the hydrogen in the evaporator and absorber. To elab-
orate, the transfer of refrigerant between the liquid and vapor phases in the evaporator
and absorber becomes a mass diffusion process through a second gas. Mass diffusion
rates under these conditions are significantly lower than those pnsnible when only the
refrigerant vapor is present. For very small capacity applications, such as household
ref.Ligerators, the size of the unit is not unreasonable. However, for air-conditioning
capacities the size of the components becomes far too large to be practical. Another

consideration is relative placement of components. Since much of the internal working
fluid circulation is by gravity due to density differences, there are limitations on the
vertical placement of components.
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Absorption - Double Effect

The objective of using the double-effect absorption principle is to improve the ef-
ficiency or COP of tbermally motivated absorption refrigerators. The fund.,nmental ap-
proach is to increase the potential thermodynamic efficiency of the engine section of the
cycle by adding the motivating heat at a higher temperature level than is possible in the
simple absorption cycle. To accomplish this, an additional component. termed a first-
effect generator, is added to the components normally associated witil 'cie simple ab-
sorption cycle.

Figure 53 shows schematically the arrangement of the components. During op-
eration, the first-effect generator accepts a solution rich in refrigerant from the ab-
sorber by way of two solution heat exchangers. Externally supplied motivating heat is
added to the solution and approximately half the refrigerant to be removed from the solu-
tion is vaporized at the first-effect generator. The somewhat depleted solution is then
conducted to a second-effect generator. In a simple absorption cycle this would be the
only generator.

The second-effect generator is not heated by an external source but by the con-
densing refrigerant vapor produced in the first-effect generator. In other words, the
second-effect generator serves as the condenser for the first-effect generator. The
vapor from thc sccond-cffect generator is then liquefied in the usual condenser through
rejection of its latent heat to the sink. The refrigerant that is condensed after heating
the second-effect generator is also conducted to the condenser whoere a small portion
flashes off into vapor. The flash vapor is subsequently liquefied by additional heat re-
jection to the sink. The two liquefied refrigerant streams at sink temperature in the
condenser are then available for throttling to evaporator conditions to absorb the cooling
load. Next, the refrigerant vapor p- duced in the evaporator is taken into solution at
the absorber with heat rejection to tne sink to complete the cycle.

An idealized analysis of the simple absorption cycle would show that it has a max-
imum possible COP of 1. Such an analysis would be based on ideal conditions. It would
be assumed that the latent heat of the refrigerant is constant and is the only significant
quantity to be considered. A similar analysis of the double-effect cycle would show a
maximum COP of 2 possible. Of course, neither cycle permits this maximum to be
reached because of inevitable thermodynamic irreversibilities.

Equipment operating on the double-effect principle is just becoming available. At
present there is only one manufacturer marketing such a unit. (34) This is a direct-fire
type of 180, 000 Btu per hr capacity using lithium bromide and water as the working-fluid
combination. Larger unit capacities are planned. The construction is primarily of steel,
welded to form a hermetic unit similar to the simple-cycle residential unit already de-
scribed. A necessary addition, however, is a solution pump to transfer the solution
frcxii the absorber to the first-effect generator against an increased pressure difference.

The available units are designed as water chillers and use water supplied from an
external source or a cooling tower as a heat sink. While the units are fitted for direct
firing with gaseous fuels, -modification for oil firing should not be a major development
problem. Indirect-fired units are possible; however, steam pressures higher than 15
psig will be required due to the higher temperatures required in the first .effect
generator.

. • S
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From a performance standpoint, these units achieve a COP of 0. 75 based on the
heating value of the fuel suFplied. The HRF is approximately 2 based on the heat re-
jected at the condenser and absorber. These are significant improvements, the pre-
viously described simple-cycle equipment having about 0. 5 COP and 2. 6 HRF.

In general, these double-effect units have the same advantages and disadvantages
as the simple-cycle units of similar construction. One exception may be in the area of
corrosion. The double-effect units reach higher solution temperatures than do the
simple-cycle units. This aggravates the corrosion problem that is al.: , associated
with lithium bromide solutions. Experience will reveal whether this poLential source of
trouble has been adequately controlled. For shelter applications, corrosion should not
be a problem because of the short operating period.

Table 18 lists some pertinent performance and physical data.

TABLE 18. PERFORMANCE AND PHYSICAL DATA FOR DOUBLE-EFFECT
ABSORPTION EQUIPMENT

Unit How Sq Ft Per Cu Ft Per
Type Capacity Fired COP(a) "HRF(b) 1,000 Btu per Hr 1,000 Btu per Hr

Small 180,000 Direct 0.75 2.0 0.1 1
omrnmercial Btu per

hr

(a) Based on heating value of fucl and net cooling effect.
(b) Based on heat rejected at condenser anid absorber and net cooling effect.

Abseorption - Absorption-Re sorption

Absorption cycle refrigeration devices that operate on the absorption-resorption
principle( 3 5 ) are complex and equipment of this type is not available. The objective and
fundamental approach in using the absorption-resorption cycle is the same as with the
double-effect cycle. The intention is to improve the COP by adding the motivating heat
at a higher temperature level than is possible in a simple absorption cycle. To ac-
complish this, two additional components, a resorber and a second evaporator, are
added as shown in Figure 54.

Starting at the condenser with liquid refrigerant available at sink temperature,
the f rst process is throttling to the first evaporator where half the total cooling load is
absorbed. The refrigerant vapor produced in the first evaporator is taken into solution
at the resorber with rejection of heat to the sink. From this point the simple absorption
cycle and the absorber-resorber cycle differ in operation. In a simple cycle, the solu-
tior. rich in refrigerant would be transferred to the generator by way of a solution heat
exchanger. In this cycle the solution is sent to a second evaporator by way of a solution
heat exchanger. The heat exchanger partially cools the solution which is then throttled to
the lower pressure and temperature level existing in the second evaporator. In the
second evaporator, refrigerant is driven from solution into the vapor phase as it absorbs

the remainder of the cooling load. The solution weak in refrigerant is returned to the
resorber by means of a pump and via the solution heat exchanger. The refrigerant vapor
produced in the second evaporator is taken into solution at the absorber with rejection of
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heat to the sink. To do this, the solution in the asorlcr must be quite weak in refrig-
erant. Producino this ,ea!- solution and still miaintaining the vapor pressure needed to

condense refrigerant vapor .t sink temperature in the condenser requires that the gen-

erator oocrate at a hipher temperature level than in a simple cycle.

iGeneratorI
F- Refrigerant vapor Geerto

THL '" Motivating heat

- - Heat exchanger
-- /,,,Condenser / esorber Pm

I} IHeat to sink •

/0 Absorber

TL[ "' Vapori
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First evaporator Second evaporator A - 42Z4

FIGURE 54. ARRANGEMENT OF COMPONENTS FOP. THE ABSORPTION-
RESORPTION CYCLE 7

Equipment operating on this cycle is not available because of limitations imposed
by practical working fluid combinations. For example, the lithium bromide-water com-

bination is unsuitable for two reasons. First, the lithium bromide would crystallize
and, second, the extremely low pressures and correspondingly high specific volumes of
the water vapor in the second evaporator and absorber would make the size of these com-
ponents unreasonably large. While the ammonia-wa'ter combination is not itubject to

crystallization or size problems, it is unsuitable be:cause of the excessive mechanical
complication of the equipment. The high generator temperatures mean increased water
vapor content in the vapors coming from the generator. This, in turn, requires more
effective analyzers and rectifiers. For the combination of ammonia and water, the gain
in thermodynamic efficiency offered by this cycle does not justify the tremendous added
mechanical complication.

Adsorption

Another possibility with direct thermally motivated closed-cycle refrigeration de-
vices is to use a solid adsorbent in place of the usual liquid absorbent. This has been
attempted in a number of cases with very limited success. Most of the suggested de-
signs have employed intermittent operation in order to circumvent the problems as-
sociated with transferring a solid between the high- and low-pressure sides of the cycle.
Other inherent problems are: (I) poor heat transfer to and from the adsorbent material
during the adsorption and regeneration processes and (2) physical deterioration of the
adsorbent material.
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Adsorption equipment of this type is not presently available. No basis for recom-
inm'nding its development foi possible use in the shelters could be found.

Ejector

Closed-cycle vapor-compression refrigeration devices can empLkv ejectors-to ac-
complish the compression process. A schematic arrangement of the t. .ponents form-
ing the ejector cycle is shown'in Figure 55. As with other direct thermally motivated
refrigeration cycles, there are three temperature levels. The condenser operates at

'the sink temperature, the evaporator below it and the vapor generator above it. The
ejector raises the vapor pressure of the refrigerant vrapor from evaporatcr conditions
to a pressure that permits the vapor to condense in the condenser at the sink
temperature.

Ejector

Vapor generator

ST1Motovating heat in

0
CD

E Condenser Liquid pump

jected to
C sink

TL -- o n load in
Evaporator A- 4225

FIGURE 55. ARRANGEMENT OF COMPONENTS FOR THE EJECTOR CYCLE

For shelter application the ejector device offers two basic advantages over other
refrigeration devices. First, the device is static; with the exception of small auxiliary
liquid pumps it has no major moving parts. This makes it extremely reliable, low on
maintenance requirements, and easy to operate. Second, water is used both as the
refrigerant-working fluid and as the engine-section or motive-working fluid. Water
costs are reasonable and water is often easily available at a site; therefore, providing
fqr possible loss of working fluid during operation does not present critical technical or
economic problems.

The disadvantages of the ejector cycle are: it is usually somewhat inefficient
thermodynamically and it is very sensitive to the temperature span iver which heat is
to be pumped.
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The ejector-cycle refrigerator has had fairly wide application in the past; is em-
ployed today, but mainly fo± specialized purposes. A few examples of past applications

are: residential air conditioning, commercial air conditioning, and railroad freight-car I
refrigeration. Railroad use stopped when the steam locomotive was replaced by the
diesel type. Among other things, the lower thermal efficiency of the ejector cycle made

it uneconomical for continuous air-conditioning applications, and it is no longer used by I
the major air-conditioning equipment manufacturers. However, water-chiller units from
about 300, 000- to 6, 000, 000-Btu per hr capacity are still available on a custon-built

basis. (36) Units have also been built with capacities in the range of 70, ( vO Btu per hr $
and some employed two different working fluids. None were outstandingiy successful.

The deficiencies of ejector-cycle equipment are the result of the thermodynamic
performance and operating characteristics of the ejector as a vapor-compression device.

Thermodynamically it is an inefficient device. Losses due to turbulence are significant.
The mixing process in which the high-velocity motive-working fluid entrains the low- [
velocity refrigerant-working fluid involves the degradation of highly available kinetic
energy into less available forms. Since supersonic velocities are attained, some of the 1

pressure recovery in the diffuser sections is across a shock boundary in an irreversible
process. The remainder of the pressure recovery occurs in a normal divergent sub-
sonic diffuser which is limited, by practical considerations of length, to something less L
than a optimum configuration. These inefficiencies result in lower coefficients of per-
formance and, therefore, higher rejection factors as compared with other direct ther- E
mally motivated refrigerators.

Ejectors are designed to pump a given quantity of refrigerant over a given vapor-
pressure difference with a corresponding given motivating-fluid pressure. Deviations
from these design conditions produce different results. For example, if the cooling load
increases there is a corresponding increase in evaporator temperature and vapor pres- =

sure. The ejector makes good use of this since it is able to pump a larger quantity of
vapor over the reduced vapor-pressure difference. On the other hand, a decrease in
cooling load can result in a freeze-up in the evaporator since the ejector must pump a
reduced amount of vapor over an increased pressure difference. Load can be modulated
by throttling the motivating fluid, but this is somewhat inefficient. The most serious
operating problem arises when an ejector is running at design load and the condensing
temperature rises. If this exceeds a certain limit, the ejector can no longer pump vapor
over the increased pressure difference. When this occurs, the hot motivating fluid is
diverted to the evaporator and the device becomes a heater rather than a refrigerator.
Controls can be devised to prevent this from occurring.

- The ejector equipment available for air-conditioning applications uses water as

both the refrigerant and the motivating working fluid. Evaporators are of the open or ..
flash-tank type which make possible reducing the temperature and vapor pressure lift
to a minimum. Condensers are either of the surface type, cooled by water from a well
or cooling tower, or of the direct evaporative-cooled type. The direct evaporative-
coL*ed condenser is another device employed to reduce the condensing'temperature and,
therefore, the vapor-pressure lift against which the ejector must operate. The ejectors
are normally designed to operate with 100-psig steam. They will operate quite inef-
ficiently at 2 psig. Steam pressures over 100 psig produce very slight gains in

performance.

Some typical performance curves for steam ejector refrigeration equipment are

shown in Figure 56. For a condensing temperature of 105 F and a leaving chilled water

. I I I I i i I I I I I I I I I I i
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temperature of 60 F, the steam rate is approximately 1. 55 lb per hr per 1, 000 Btu per
hr for a COP of 0. 64 and z HRF of 2. 7. This condition could be obtained with a surface-
type condenser cooled by 85 F water from a cooling tower if it is assumed there is a
10 F rise through the condenser and the internal condensing temperature is 10 F above
that, or 105 F. Direct evaporative cooling can provide lower internal cond nsing tem-
peratures with corresponding increases in operating efficiency and reduced heat-
rejection factors. Chilled-water temperatuzes below 60 F have the opposite effect as
shown in Figure 56.

0.3

40 F chilled water

-0.. - -2 ;a
E I

0
500

00.8

For 0O0-psig steamr

80 85 90 95 100 105 110 115
Internal Condensing Tempetatre, F

A- 4822

FIGURE 56. TYPICAL PERFORMANCE CURVES FOR
STEAM-EJECTOR REFRIGERATION
DEVICES

Presently available equipment is normally purged of noncondensibles with two-
stage ejector systems. The capacities of these systems are several times these re-
quired. This is advantageous for shelter applications, because during stand-by this unit
could be maintained at atmospheric pressure and during operation some air leakage
would be tolerable.

Approximate purchase costs of presently available ejector equipment are shovn
in Table 19. Quantity production would reduce these prices. The assumptions are for
units supplying 60 F chilled water; in the case of the units employing surface-type con-
densers, 85 F cooling water is to be supplied.

./,
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TABLE 19. APPROXIMATE PURCHASE PRICE FOR EJECTOR

RE'RIGERATION EQUIPMENT

Cost, dollars per 1000 Btu per hr
With'Surface With Evaporative

Tons 1, 000 Btu per Hr Condenser Condenser

25 300 36. 7 6,2. 5

50 600 20 . 4
100 1,200 11.7 20

Negative Heat of Solution

Some fluid combinations exhibit negative heats of solution which suggest the ap-
plication of endothermal mixing processes to a direct heat-motivated refrigeration
cycle. (37) Considering a cycle with two fluids, A and B, Fluid A would be volatile and
Fluid B relatively nonvolatile. Starting with the separated fluids at sink temperature,
the first process is the endothernic mixing process in a heat exchanger. The resulting,
solution undergoes a temperature decrease, which allows it to absorb heat from a heat
source below sink temperature. After the heat source has been appropriately cooled, the
solution is transferred to a distillation chamber for separation. Externally supplied
heat is added to vaporize Fluid A which then condenses, rejecting heat to the sink.
Fluid B, not mixed with Fluid A, flows from the distillation chamber to be cooled to
sink temperature, thereby completing the cycle.

The cooling capacity of such a cycle is directly related to the magnitude of the
negative brats of solution. Also, the quantity of motivating heat required at the distil-
lation chan:be. to effect the separation of A from B is directly related to the latent heat
of vaporization of Fluid A. The iatio of the heat of solution to the latent heat of vapori-
zation is a good approximation of the COP possible. Unfortunately, negative heats of
solution are smaller than latent heats of vaporization, and in most combinations signifi-
cantly smaller. Possible thermodynamic efficiency is obviously low.

As with most direct thermally motivated refrigerators, the practical requirements
for an acceptable combination of working fluids are many, and few designs are satis-
factory. Many of the combinations possible must be eliminated for such reasons as:
thermal instability, chemical instability, extreme corrosiveness, toxicity, and forma- ......
tion of precipitates.

In general, this concept does not appear to offer any significant advantages over
other direct thermally motivated devices and certainly none for the shelter situation.
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EXPENDABLE FLUIDS - MECHANICALLY OR
THERMALLY MOTIVATED DEVICES

Discussed here are mechanically or thermally motivated refrigeration devices that

operate with loss of the refrigerant to the atmosphere. In essence, these open-cycle de-

vices are the equivalent of previously described closed-cycle devices without their con-

densers and condenser hear sinks. The refrigerant vapors are pilmped from the evapo-
rator to the atmosphere, rather than to a condenser, by mechanical coipressors, ther-

mally motivated fluid ejectors, or thermally motivated absorption processes. Thus, the

quantity of refrigerant expended is that required to absorb the cooling load. Data on

heat sinks show that water and methyl alcohol are the only two fluids which are not too

costly for use as expendable refrigerants. Table 20 gives data pertinent to the evaluation

of devices using these fluids.

TABLE 20. METHYL ALCOHOL AND WATER PROPERTIES PERTINENT
TO OPEN-CYCLE REFRIGERATION DEVICES

Ratio,

Temp, Pressure, Specific Vol, Latent Heat, atm pressure to
F mm Hg cu ft per lb Btu per lb evaporator pressure

Methyl alcohol 60 79 123 500 10.4

Water 60 13.3 1207 1060 57

Mechanical Vapor Compression - No Condenser

An open-cycle MVC device utilizing methyl alcohol as the working fluid can be used

economically to cool a shelter if:

1. No aboveground equipment can be used

2. Power is available

3. Heat sink has to be stored

4. Occupied portion of the shelter is sealed.

Wat*"r is not applicable as a working fluid because of its high specific volume; the

large rr.tio between evaporator pressure and atmospheric pressure would demand un-

reasonably large compressors and power supply.

As indicated by Figure 57, cooling with a MVC device without a condenser requires

provision of a compressor, an evaporator, and sufficient liquid refrigerant to absorb

the entire heat load.

I
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FIGURE 57. OPEN-CYCLE MVC USING METHYL ALCOHOL I

Assuming use of methyl alcohol and adiabatic compression at a thermal efficiency [
of 0. 75, the calculated operating charactertistics of an open-cycle MVC device are:

Cooling rate, Btu per hr 1,000 E
Alcohol flow rate,

lb per hr 2

cfm vapor at evaporator 4

Compression ratio 11
Compressor power input, hp 0. 1
Vapor temperature, F

Compressor inlet 60 .

Compressor outlet 500

Two problems which must be solved concern the most suitable design for a c om-

pressor to pump the vapor and disposal of the alcohol vapors. It seems possible that

a rotary-vane compressor with some type of carbon vanes would be satisfactory as a

compressor. Such machines are used for vacuum pumps having pressure differences

similar to those associated with the compression of the alcohol vapor. The cost and the

applicability of these machines to pumping alcohol vapor must be established. The cost

of an alcohol vapor compressor should be about equal to that of a commercial rotary air

compressor, or $5 per cfm. Reliability, maintenance requirements, and safety of oper-

ation would probably be better than with a closed-cycle refrigeration device.

The toxic alcohol vapors leaving the compressor could be discharged into the

atmosphere or burned in a relatively simple naturally aspirated burner. It might be

worth while to use the vapors as fuel for an engine. Methyl alcohol i- chemically stable

and can be stored for long periods of time. During standby, the compresuir, evapo-

rator, and piping could be filled with dry air at atmospheric pressure. At startup the



135

compressor would prime the system and put it into operation. During operation the pres-
sure in the system would be below shelter. pressure. This would eliminate the possibil-
ity of alcohol leakage into the occupied area. Air leaking into the system would be
pumped out with the vapor.

The cost of cooLing with methyl alcohol in an open-cycle MVC device is attractive
as compared with the cost of uthcr methods which could be used under the same circum-

stances. This method is less costly than using ice because of the lower cost of storing
the alcohol with its higher heat absorption at the phase change. -- The ccstc: of using such

equipment for cooling are summarized in Table 21.

TABLE 21. ESTIMATED COST FOR COOLING WITH OPEN-CYCLE MVC AND
METHYL ALCOHOL

(Dollars per 1, 000 Btu per hr for

300, 000 Btu per hr for 14 days)---

Type of Alcohol Storage
0 psi 30 psi 100 psi

Alcohol 30 30 30

Alcohol storage 12 54 94

Air-handling unit
(direct expansion) 11 11 11

Engine-generator set 15 15 15
Electric motor and wiring 4 4 4
Compressor at $5 per cfm 20 20 20

92 134 174

Absorption - No Condenser

A thermally motivated open-cycle device would resemble a conventional lithium
bromide-water absorption device without the condenser. In such a device the lithium
bromide-water solution would be pumped from the absorber to an atmospheric pressure

generator where heat would be supplied to drive the water vapor out of solution and into

the atmosphere. The lithium bromide would be returned to the absorber to complete its
cycle. The absorber would have to be cooled by a heat sink to remove the latent heat of

- the water and the heat of solution of the water in-lithium bromide______ .-

Of the heat rejected frorn the open-cycle device, approximately one-half would be
exhausted with the water vapor leaving the generator and the other half would have to be

handled by the absorber cooling water. However, this would not allow the open-cycle
device to operate with less cooling water than a closed-cycle device, because in both
devices the condensers are cooled by water previously used to cool the absorber. If the

absorber outlet water were not used to cool the condenser, it would be dumped at a lower
temperature. Therefore, since there is no reduction in the cooling water requirement,
the only advantage of the open-cycle device is that no condenser is required. It seems
doubtful that this reduction in a conventional component would warrant the provision of

higher pressure solution pumps and the higher temperature heat source would be re-
quired to operate an atmospheric-pressure generator.
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Ejector - No Condenser

Ejectors are, by far, too inefficient to be considered as vapor compressors for an
open-cycle MVC device. As for the closed-cycle ejector device, only met.,-1 alcohol
and water are practical working fluids. It is doubtful that a single-stage steam ejector

working at a pressure of 250 psi would compress any water vapor from a pressure of
0. 25 psi (13 mm Hg), which would exist in the evaporator, to atmospheric pressure. (38)
One lb of steam at 280 psi might pump 0. 3 lb o.' methyl alcohol vapor over the pressure . .
ratio of 11 required to operate a methyl alcohol evaporator. Higher steam pressures
would not significantly increase the amount of alcohol pumped in relation to the amount
of steam used. The amount of methyl alcohol pumped per lb of steam would be about
0. 17 lb (0. 3 divided by 1. 8) because the molecular weight of alcohol is about 1. 8 times
that of water and momentum ii conserved in the ejector. Therefore, a steam ejector
compressing methyl alcohol vapors from evaporator pressure to atmospheric pressure
would require the following approximate fluid flows for 1, 000 Btu of cooling:

Pounds

Methyl alcohol 2
Water for steam II
Fuel oil to boiler 1

T4

The space required to store the above fluids would be approximately 0. 23 cu ft
which would be equivalent to a cooling capacity of 4, 350 Btu per cu ft of storage space.
This is about one-half the 9, 000 Btu per cu ft of cooling that can be obtained with ice and,
therefore, ejector compressors would not be applicable for open-cycle operation with
stored working fluids.

EXPENDABLE FLUID - SELF-MOTIVATED DEVICE

The open-cycle absorption concept involves storing or having available sufficient
quantities of liquid absorbent and refrigerant. During the operation of the device, the
refrigerant is throttled to an evaporator where it vaporizes as it takes up the co:oling
load. The absorbent solution maintains evaporator conditions by continuously removing
refrigerant vapor from the evaporator and taking it into solution in an absorber. The
heat of absorption that, is generated in the absorber is rejected to a heat sink. Absorb-
ing solution that becomes rich in refrigerant is removed from the absorber and piped to
a spent-solution reservoir. The spent absorbing solution and refrigerant are replaced
from storage.

Important to the shelter situation is the extremely low requirement of these devices
for external motivating energy. Since the ability to function as a heat pump is entirely
in the working fluids as chemical potential, external energy requirements are limited to
such items as circulating and purge pumps. Under certain sealed shelter conditions
these low-level power demands could be met by storage sources such as batteries or even
m nually. However, the absorption process must be cooled and access j a heat sink is
a definite necessity.
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The search for suitable combinations of refrigerant and absorbent was conducted
with definite technical and economic requirements in mind. First, the refrigerant should
have an atmospheric-pressure boiling point above 70 F. (Materials with lower
atmospheriC-pressure boiling points can be used directly as expendable heat sinks thaL
exhaust directly to the atmosphere without an absorption process. ) Second, the absor-
bent should have a high chemical affinity for the refrigerant and the refrigerant should
have a reasonably high latent heat of vaporization so that storage facility sizes and costs
can be kept within reason, Third, both refrigerant and absorbent should have reasonable
raw material costs. Fourth, only liquids should be considered accept .,C_!,Z because of the
many difficulties associated with the application of a solid to a device of this type.

In the course of the search such obvinus combinations as lithium bromide-water
and ammonia-water were eliminated, the former because of the high cost of the absor-
bent and solids problems, the latter because of the low atmospheric pressure boiling
temperature of the ammonia refrigerant. Water as a refrigerant and several glycols as
the absorbent were also investigated. These were determined to be unsatisfactory on the
basis of limited affinity and the relatively high cost of the glycols. Of the many com-
binations possible, only sulfuric acid and water seemed applicable from practical and
economic standpoints.

Absorption - Sulfuric Acid and Water

The combination of absorbent and refrigerant most suitable is the combination of
sulfuric acid and water. Little new can be said about the advantages of water. It has a
high latent heat of vaporization and as one of the naturally available refrigerants it often
need not be stored. Sulfuric acid has the following advantages: a very high affinity for
water, low cost because it is one of the world's basic commodities, and ready availabil-
ity. The high affinity of sulfuric acid for water gives this combination a high ratio of
cooling capacity to storage volume plus the potential for high sink temperature operation.
The main disadvantages of sulfuric acid are, of course, connected with its corrosiveness.

Ultimately, the feasibility of using the sulfuric acid and water combination is di-
rectly dependent on how well the corrosion problem can be resolved. In other words, if
it is to be applicable to shelters, means must be devised to store, use, and dispose of
sulfuric acid in such a manner that it is entirely safe and still relatively inexpensive to
use. Figure 58 is a schematic layout of a proposed system to satisfy these requirements.
As shown, the system is composed of three separate facilities to perform the following
three functions: pre-operative storage, actual operation, and post-operative storage.
Careful consideration of the varied requirements imposed by these three different func-
tions indicated that they could best be met by separate specially designed components.
For example, the length of the pre-operative storage period, while not actually known,
might be 10 years. On the other hand, the operative period will be relatively short,

. -- - about 2 weeks.

For the pre-operative period, it is proposed that mild steel tanks be used for
storage of both sulfuric acid and water. The acid to be stored is known to the industry
as commercial-grade 66 degree Baum4 (93. 2 per cent H2 S0 4 ). Fortunately, concen-
trated sulfuric acid is much less corrosive to mild steel than dilute solutions. This
permits the large quantities of this commodity that are manufactureo each day to be
economically stored, shipped, and handled in relatively inexpensive mild steel contain-
ers. Another favorable factor is that a great deal of sulfuric acid handling equipment
and experience is already available. (39)
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FIGURE 58. OPEN-CYCLE ABSORPTION REFRIGERATION DEVICE

Acid storage tanks would obviously have to be external to the habitable shelter
area and so located that a ruptured tank would not pose a danger. It is recommended
that the tanks not be buried but provided with ample clearance on all sides to permit in-
spection and necessary repairs. Since the pre-operative storage tanks would be sep-
arate and not built in as an integral part of the over-all system, they could be of almost
any size, shape, or number.

The layout of the proposed refrigeration device is identical with that of the
absorber-evaporator drums used on some types of commercial lithium bromide-water
absorption refrigerators. The evaporator section is located in the upper part of the
drum and the absorber in the lower. Circulation pumps for both the liquid refrigerant
and absorbent keep the respective heat-exchanger tube bundles covered to provide the
needed surface area for mass transfer. The solution mixing valve can be controlled to
admiL only that amount of concentrated acid required to maintain the cooling load. Dur-
ing the stand-by period the drum can be kept under vacuum continually. This greatly
reduces the size of the purge pump while reducing the time required to reach operating
conditions. Since the operating drum is separate from the acid storage, air leaks can
be detected and easily repaired.

The basic materials of construction for the operating drum can be mild steel with,
perhaps, some critical parts, such as the absorber tube bank and spray nozzles, made
of more corrosion-resistant materials. The design should take Into account the short
operating period by allowing for higher rates of metal loss than are presently permitted
for commercial absorption units.
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The post-operative storage tanks can also be nf mild steel. The solution handled
here will be more dilute ana, therefore, more corrosive. The thought, however, is that
these tanks should be designed for a relatively short storage term. If post-operative
conditions are at all favorable, this solution can be removed to be used for other pur-
poses or neutralized vwith readily available materials such as limestone.

Several possibilities for reducing the sulfuric acid corrosion problem were in-
vestigated including: use of alternative materials of construction, linings, and inhibitors
and use of electrical methods.

Alternative materials of construction that are more resistant to sulfuric acid cor-
rosion than mild steel ar.e available. These are primarily the stainless steels. While it
is technically feasible to employ stainless steels, first costs wou-l Li 3 to 5 times that
of mild steel because of raw material cost. Linings such a3 glass and some plastics
could be applied on mild steel for protection. At present cost, these protectives would
increase tank costs again by a factor of 3 to 5 times that of plain mild steel Production
quantities could improve the situation.

The use of chemical corrosion inhibitors looks promising but needs further investi-
gation. Use would be similar to the use of inhibitors in steel-pickling operations. Such
inhibitors are primarily amines which allow dilute sulfuric acid solutions to attack the
scale but afford some protection to the base metal. Unfortunately, effectiveness of these
organic compounds in concentrated solutions is unknown and their chemical stability
is questioned. Arsenic is another inhibitor often mentioned, but again no information
was foundabout its effectiveness in concentrated solutions.

Cathodic and anodic electrical protection methods were reviewed. The cathodic
method appears undesirable. The required current densities are high and on a con-
tinuous basis would be costly. Also, it is difficult to insure freedom from preferential
attack due to variations in local current densities. The anodic method, on the other
hand, uses intermittent electrical power to build up an oxide film on the metal to be
protected. A reference electrode immersed in the corrosive solution is electrically con-
nected to a controller which monitors cell potential between the reference electrode and
the tank wall. When the cell potential indicates that the protective film is nearing de-
pletion,. the anodic potential is automatically applied to re-establish the film. This
method has been applied to the storage of concentrated sulfuric ac d in mild steel tanks
and 10-fold decreases in iron pickup have been reported. (40)

For complete cooling system cost estimates, calculations were made to determine
quantities of working fluids required and heat rejection factors. The results are shown
-in Figure 59. The assumptions are: an internal refrigerant temperature of 55 F, work-
ing fluids stored at 80 F, the solution rejected at the temperature shown is in vapor
pressure equilibrium with the refrigerant, and the use of 66 degree Baum; sulfuric acid.

The current price for the sulfuric acid specified is about $24 per ton or 18 cents
per gallon. This is very reasonable and is a major factor in the economic feasibility of
using an open-cycle absorption refrigerator. For example, assume 120, 000 Btu per hr
of cooling are to be provided for a period of 24 hours with sink conditions that dictate a
spent-solution temperature of 140 F. The total cooling capacity required is about
3, 000, 000 Btu. From Figure 59 approximately 0. 17 gallon of acid is required per
1, 000 Btu of cooling. Therefore, approximately 500 gallons of acid are r.eded. This
would cost somewhat less than $100.
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The cost of the absorber-evaporator with pumps, valves, etc., is estimated at
one-half that of a commercial two-di un-type bromide-water absorption machine of
equal capacity. This is ba34d on the close similarity of the two units.

A potential capability not to be overlooked with this device is that of being able to
reject heat to a boil'ng water sink. Theoretically this is entirely possible; however,
the practical feasibility of accomplishing this is again basically a question of corrosion.
Solution temperatures would be high, in the range of 220-240 F. Elevated temperatures
definitely increase corrosion rates, but this would be offset to some d g ree by the
higher solution concentrations that must be maintained. Corrosion res istant materials
plus the short operating period could combine to make this type of operation feasible.
A proper evaluation wil require further investigations, preferably under actual operat-
ing conditions.

The unique technical advantage of such a device is that it can make use of hu :h a
limited type water supply as a heat sink when a shelter is sealed off from the atmo-
sphere. Economically, the ability to reject to boiling water offers a reduction in re-
quired storage volume compared to simply increasing the stored water temperature by
40 or 50 F. While storage volume for concentrated acid and spent solution are increased
by a factor of 2. 5 each, water storage is reduced by a factor of 15.

9Mm

I. •
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NO PHASE CHANGE OF WORKING FLUIDS

Cooling can be obtained in devices using working fluids which do not undergo a
phase change in the thermodynamic cycle. Only gaseous working fluids are applicable
and for shelter applications air is itc c.nly practical gas.

The four applicable thermodynamic cycles are:

1. Air Cycle

2. Stirling Cycle

3. Joule-Thompson Expansion Cycle

4. Vortex Expansion Cycle.

The first two cycles are ideally thermodynamically reversible and Che last two are
tiermodynamically irreversible.

Of the four listed only the air cycle appears applicable to shelter cooling.

AIR CYCLE

Air-cycle refrigeration machines, in addition to their advantage of using air as
the working fluid, would have advantages in shelter applications of low maintenance re-
quirements during standby and as air movers for ventilation. Today, air-cycle machines
are used only for special applications because MVC and absorption systems are far
superior for normal commercial cooling. Present commercial systems are made up of
well-developed and sophisticated components which are relatively high in first cost but
very efficient. " Thus, their low operating cost, in the long run, overshadows their high
initial cost. The economics of shelter cooling are radically different because of the
short operati , period. Operating costs are of secondary importance, initial cost being
much more significant. In fact, except for the -o.t of standby maintenance, the initial

cost is essentially the total cost.

For shelter cooling, reliability, safety, and cost requirements are all tied to-
gether, and they cannot be meaningfully compared with commercial cooling ' ,Liire-

merts. Probably the use of air-cycle cooling for shelters will depend on whether or not
the merits of an air-cycle system justify the higher first cost. _

After the advantages and disadvantages of air-cycle cooling for shelters had been
established, technical and economic data were developed for further evaluation of this
coo)ing method. Performance and cost data were obtained from manufacturers of con-
ventional equipment which could be used with some modification for air-cycle systems.
Gas turbine specialists of an automotive company were consulted concerning low-cost
high-speed centrifugal compressors and expanders. Calculations were made to estimate
the cycle efficiency with warm and humid sheltpr air. Noise problems and air contami-
nation, by oil vapor were considered.

/
/
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if rte-,, (t this stddy sho% (I thit:

I, ,r,ila t woul.i i,:ve to he developerl for the shelter air-cycl 5yst.;::'.
'hiL, .:jn bc donie withiii the present state vf the art.

. :mil hir,-Lpeed centrifugal :,cnpressors and expanders are be~t
suit:'d tor the shelter cooling application.

. ost would be high but may be within reason depending lari upcn
the cost of high-pressure heat exchangers.

Following is a discussion of types of air cycles, cycle and component performance,

and c inponent cost.

Figure 60 illustrates the four air-cycle systems considered for shelter coolir,-.
Ali of the systems consist of a compressor, an expander, and heat exchangers. Each

has different advantages and disadvantages. The low-side-open cycle is most suitable
for shelter cooling.

The open-cycle system would require shelter pressure to be less than atmospberic
pressure. Maintaining such a pressure would probably not be feasible because urLfiltered
air might leak into the shelter. Also, the occupants could not tolerate a pressure .(ev-
eral psi below atmospheric pressure and this would be needed for adequate cooling.

The closed-cycle system would be the least efficient because the temperature dif-
ferentials required for efficient heat-exchanger operation would increase the tempera-
ture span of operation. A closed-cycle machine could be pressurized for increased
mass flow for a fixed volume displacement. At higher pressures the equipment would
be smaller but would require higher pressure housings, piping, and heat exchanger,.
Air leakage would seriously reduce the capacity of the machine. The closed-cycle as-
sembly would be considerably more expensive than a partially open one.

The high-side-open cycle would require the use of an air-to-air heat exchangcr in
the shelter. Pressure on the cold side would have to -be considerably below atmospherir
pressure to obtain even moderate temperature differences for air-to-air heat transfL r.
This would require not only a large heat exchanger but also a large volume expander and
compressor which would make equipment costs high. However, the high-open-side

cycle would have two distinct advantages: (1) the noise problem would be minimized bo-
cause all openings would be outside of the shelter and (Z) the atmosphere would serve
directly as the heat sink for both the cooling load and the power input to drive the
compressor.

Tne low-side-open cycle seems most appropriate for shelter-cooling. The heat
exchang.,!r at the sink could be water cooled and, therefore, the temperature differ.'ntial

for heat transfer could be relatively high. The size of the heat exchanger would be

smaller because of the higher pressures, but its construction and piping would be hcnv-
ier. The efficiency of the cycle would be higher than that of the closed system, and the
compressor and expander size would be as small as possible for any open cycle. renti-
lating air could be introduced at the inlet of the compressor. Noise and air contamina-
tion by oi! would be serious with some types of compressors and expanders. Howevc r,
only bigh-speed centrifugal machines seem applicable for shelter cooling. These re-
quire no lubrication of parts exposed to the air and their high-frequency noises can be
damped with small low-cost mufflers.
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The major factors affecting the performance of air-cycle machines are:

I. Compression ratio

2. Expansion ratio

3. Thermal efficiency /
4. Mechanical efficiency

5. Temperature at compressor inlet

6. Temperature at expander inlet.

Assuming adiabatic compression and expansion, with no pressure loss between the
.compressor and the expander, the performance of an air-cycle machine working with
dry air can be expressed in the form of an equation:

TI p2 ) k-i
T 3 - T 1 + 7teTl - 7teTl k

COP= ,

- __ k-M7t T~meT1teT 1 + 'ImeTteT,
rQmclltc k - mctck

where

COP ratio of cooling load to power to drive the compressor

T 3 = temperature of compressor inlet, F absolute.

Ti temperature at expander inlet, F absolute

Pl pressure at expander inlet and compressor outlet

Pz = pressure at compressor inlet and expander outlet

7
)Mc 

= mechanical efficiency of compressor

-me= mechanical efficiency of expander

17 tc = thermal efficiency of compressor

7te 
= thermal efficiency of expander

k = exponent of the compression curve.

This equation shows the interrelation of the factors which govern the performance
of air-cycle systems. Because of the simplifying assumptions, it is not adequate for
accurate calculations using air containing water vapor. Considering the cycle open on
the low-side, warm moist air from the shelter would be heated during adiabatic com-
pression. In the heat exchanger, the high-pressure air would lose some of its moisture
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and this moisture would have to be removed periodically. On expansion, the air would
become supersaturated wit', possible formation of water droplets or even ice crystals
at the expander outlet. The prediction of performance with calculations based on the
assumption that the outlet gases are air and water vapor at the same temperature is not
significantly affected by the state of moisture at the outlet. On the basis of this assump-
tion, performauce was calculated as shown in Figure 61, the following being considered
represontative of shelter'cooling conditions:.

I. Heat load - 47 per cent latent, 53 per cent sensible

2. Compressor inlet temperature - 85 F effective, actual
dry bulb and wet bulb temperatures related to expander
outlet temperature

3. Compressor inlet pressure - 14.7 psia .-----------------

4. Expander inlet temperature - 120 F

5. Saturated air at expander inlet.

Figure 61 shows the calculated COP of an air-cycle machine as related to com-
pression ratio, thermal efficiency, and mechanical efficiency of the compressor and
expander. These were calculated assuming no pressure loss in the piping or heat ex-
changer. While these results are sufficiently accurate for this discussion, they would'
have to be refined for an accurate estimate of performance after pressure losses were
defined. The COP would be about 3 per cent lower for a 1-psi pressure drop between
compressor and expander on the heat-exchanger side.

High-quality compressors and expanders having mechanical efficiencies of 0. 95 or
above and thermal efficiencies of 0. 70 to 0.75 are obtainable in the capacities required
for shelter cooling. With these efficiencies the COP would be 0.4 to 0. 5 at compression
and expansion ratios between 2 to I and 4 to 1.

Figure 62 shows the calculated heat-rejection factor, the temperature of air to
shelter, and the air-flow rates for compression ratios between 1. 5 to I and 4. 0 to 1.
The heat-rejection factor is equal to I + I/COP. The curves show that at thermal
efficiencies above about 0.75 the heat-rejection factor is nearly the same for compres-
sion ratios between 2 to I and 4 to 1. However, the air-flow requirement decreases
markedly with increase in compression ratio with flow at a compression ratio of 4 to I
being about two-thirds the flow at a compression ratio of 2 to 1. Therefore, it is desir-
able to use high compression ratios to minimize-the size of the compressor and .
expander.

With higher compression ratios, the heat exchanger could be smaller because of
th- lower flow rates and also berause of the increased temperature difference for heat
transfer to the sink. Assuming sink water flowing in at 90 F and flowing out at 110 F,
thermal efficiency of 0.75, and air flowing out at 120 F, the log mean temperature dif-
ference for counter-flow heat exchangers would be:

Compression and Log Mean Temperature
Expansion Ratio Difference. F

2 to 1 12
3 tc 1 106
4 to 1 130
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At the outlet of the expander or the inlet to the shelter, the equilibrium tempera-
ture of the air and moisture would be 39 F with an expansion ratio of 4 at 0.75 thermal
efficiency. A duct systerr. would be required to distribute the cold air throughout the
shelter.

Compressors and expanders can be either dynamic or positive-displacement
machines. Dynamic machines include mainly centrifugal and axial-flow compressors
and turbines. Positive-displacement machines include reciprocating and rotary types.
The most common rotary machines are the sliding-vane, lobe, and s- :w-type designs.
Any of these can be used as compressors or expanders in air-cycle s,. tems.

Table 22 is a summary of the efficiency and the estimated cost of compressors
which with the exception of the Roots blower could also be used as expanders.

The estimated costs of compressors and expanders modeled after automotive gas
turbine components are necessarily speculative at this time. The estimated cost of $1
per cfm for a complete unit consisting of a compressor, an expander, step-up gearing,
and a lubrication system was made with the assistance of gas turbine specialists in the
automotive indrvstry. Their advice was valuable because of their experience in designing
low-cost systems. Accurate cost estimates were difficult to obtain because of the un-
certainty of the number of units required, the manufacturing techniques which would be
required for a specific wheel configuration, the configuration of the housing for piping
connections, and the -earing design. It was assumed that: (1) a few hundred units would
be made, (2) the ,compi-ssor and expander wheels would resemble the compressor
wheei of an automotive -urbine, (3) wheels would be mounted back-to-back on a common
shaft, and (4) the shaft would be gear driven from a prime mover running at 2400 to
3600 rpm.

The gear-driven high-speed centrifugal units seem to hold more promise than
other depsigns for the following reasons:

1. Low cost

2. Direct coupling to engine

3. Gearing not required when using a gas -;urbine prime mover

4. No contamination of air by oil

5. Equipment noise easily suppressed.

In the search for low-cost air-cycle equipment, consideration was given to the
modification of automotive engines for use as compressors and expanders. Reciprocat-
ing internal-combustion engines, with modified cam shafts and valve timing, would make
high efficiency air-cycle machines. The power-driven valves, required for a recipro-
cating expander, would be advantageous in the compressor. The valve action, travel,
and timing could be so controlled that the piston speeds could be higher than the speeds
of commercial compressors. This would allow higher capacities for a given displace-
ment, thus reducing costs. The speed of commercial compressors is limited by the
pressure loss through the small passages in automatic valves and by the erratic action
of these v alves at high flow velocities.

,~~~~1 1 Z1 ! II II Ii i I
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TABLE 22. ESTIMATED COST AND EFFICIENCY OF COMPRESSORS

j Thermal Cost to
Compression Efficiency Contractor,

Compressor Ratio rPc Cent dollars per cfm

High-speed centrifugal, 4 0.70 - 0.75 est. 1. 00 (include expander
modeled after auto and gearing)
gas turbine

Reciprocating, 4 0. 85 est. 0. 80 - 2.40

modified auto engine

Rotary screw, Z.4 0.80 5.00 - 7.50
Atlas Copco

Rotary screw, 2 0.60 - 0.70 1.75- 3.00

Ingersoll Rand

Spencer turbine 2. 0.60 - 0.65 3.50 - 7.50

Roots blower 2 0.65 1.00.- 2.00
(not designed for
expansion)

Reciprocating, 5 0.85 8.00 - 10. 00
industrial type

Centrifugal, Z-3 -- 5.00 - 40.00
Allis-Chalmers

Rotary vane 3 0.75 4.50 - 5.50

To use a mass-produced automobile engine as a compressor or expander would
require only modification of the cam shaft. Such a modified engine would cost approxi-
mately $3 per cubic inch of diEplacement. The flow capacity and efficiency of such a
machine would vary with piston speed. Commercial compressors with automatic valves
operate with piston speeds up to 1000 feet per minute. Modified automobile engines with
mechanically driven v -Ives could operate with piston speeds of at least 2000 feet per
minute with little loss in efficiency. Piston speeds of up to 3000 feet per minute appear
feasible. .. .. .

On the basis of a cost of $3 per cubic inch of displacement and a volumetric ef-
ficiency of 85 per cent, compressors would cost about $0. 80 per cfm if a piston speed
uf 3000 feet per minute we:re used with the cost being inversely proportional to speed.
At the higher piston speeds the modified automotive engine would be the least expensive
compressor. This is the result in part of lower costs inherent in the mass production
of competitive automotive engines as contrasted with limited production of rugged long-
life commercial compressors. Because of limitations on the maximum size of engines

I
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available, one compressor-expande" combination would produce a maximum of about
84, 000 Btu per hr. (7 tons' of cooling. Therefore, multiple machines would be required
to handle large cooling loads. Space and power-connection requirements between multi-

ple units might limit applicability.

Air contamination by oil would further limit the use of reciprocating compressors
which require cylinder lubrication. According to the U. S. Public Health Service, in-

formation on the effects of oil mist in breathing air is not complete enough to establish
an accurate upper tolerance'limit for humans.' Experimental stdie .ave been made
with animails exposed to white mineral-oil mists at concentrations as high as 100 milli-

grams per cubic meter. Rabbits exposed 6 hours daily for a period of 1 year exper-
ienced no histological changes and no change in the respiratory function. A study of

conditions in industry revealed a striking lack of reported illness due to oil mists. The
average exposure concentrations were below 15 milligrams per cubic meter, but some
exposures exceeded the average by a considerable factor.

A number of operating limits are now used in industry and by control agencies.
The Michigan and Detroit Bureaus of Industrial Hygiene use 5 milligrams per cubic

meter; some industrial plants find that 10 is adequate to reduce complaints; and other
observations indicate that complaints arise when concentrations go above 15.

On the basis of somewhat incomplete information, a tentative limit of 5 milligrams
per cubic meter of mineral-oil mist is recommended by the U. S. Public Health
Service. The role of additives and fumes resulting from partial decomposition at high
temperatures has not been evaluated. However, industrial experience includes human
exposure to all types of oil mist.

No evidence is available to establish the maximum allowable concentrations of oil
mist in air breathed continuously for days. It seems reasonable to assume tha.t expo-
su:re to 5 milligrams of oil mist per cubic meter of air for a single 2-week period would
not have detrimental effects. Perhaps some lubricants could be used which would not
be noxious.

Oil consumption of good..quality air compressors is normally taken to be 1 quart
per 500, 000 cubic feet of air. This is equivalent to about 65 milligrams per cubic

meter, which is about 13 times the upper limit recommended by the U. S. Public Health
Service. This consumption is typical also of an automotive engine with good rings. Oil
consumption may be higher for a new compressor or engine because some running is
required to set the rings and the seals.

Undoubtedly, some of the oil entrained in the air would not enter the shelter. The
air from the compressor would pass through a heat exchanger to be cooled before enter-

ing the expander. Oil mist would be deposited on the heat exchanger by inertial impac-
tion and thermal precipitation. Therefore, the oil carried into the shelter might well
he principally that added by the expander.

No information was found on the application of a lubricated reciprocating ex-
pander, and therefore no data are available on the oil consumption of such a machine.

However, in view of the factors which influence the carryover of lubricant, it would be

safe to assume that the consumption would be about the same as that for the compressor.

The industrial compressors of the various types are not applicable for air-cycle

cooling because 'c j.h cost or low efficiency. If any were to be used for special
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circumstances, the rotary-screw machines would be likely candidates. These ma-
chines are designed as in.lustrial compressors in the range of flow rates and pressure
ratios which are applicabl3 for shelter cooling. The profiles of the rotors provide in-

ternal compression or expansion. Therefore, indentical machines, directly coupled,

could be used for the compressor and the expander. Gears are used to dr-ve the mating
rotors which do not touch. Because the rotors require no lubrication, air can be han-

dled with no contamination by oil mists or vapors.

Rotary-screw compressors are built with capacities above, 10, (;,-!J cfm and with

single-stage compression ratios of between 2 and 4. The adiabatic eftici,'-cy of these
machines depends on the configuration of the rotors and the running tol, -adce between
them. The adiab-lic efficiency governs the cost of these machines w.',- the higher ef-
ficiency machines costing substantially more.

The Atlas Copco rotary-screw compressor is a high efficiency machine. Six-
groove gate rotors are mated with four-lobe main rotors. A somewhat circular profile
is used for the grooves and lobes of the rotor. The smaller machines have internal
gearing to provide rotor speeds higher than that of the input shaft. Single stages can
have compression ratios between 2. 0 and 3. 8. The design of the profile of the screws
and the close tole:ance between parts result in high efficiencies with a corresponding
high cost. Adiabatic efficiencies of 80 per cent can be obtained from these rotary-screw
compressors. -The Atlas-Copco compressors cost from $5 to $7. 50 per cfm, depending
upon the size of the compTessor.

The Ingersoll Rand compressors are made with four-groove rotors and two- or
three-lobe main rotors. Rotor speeds can be obtained by direct driving with standard
electric motors or internal-combustion engines. These compressors are less expen-
sive than the Atlas Copco compressors, but they also have lower adiabatic efficiencies.

With a maximum compression ratio of 2, the Ingersoll Rand compressors have an

adiabatic efficiency between 60 and 70 per cent. These compressors cost between $1. 75
and $;.00 per cfm. These compressor costs are attractive on a cfm basis, but because
of a lower efficiency, the costs of other components of the air-cycle system would be
higher. The heat exchanger would be larger, more pover would be required to drive

the system, and more heat would have to be rejecte.d to the sink.

With low-side-open air-cycle machines noise suppression would be required be-

cause the compressor inlet and the expander outlet would be open to the occupied area
of the shelter. The type of machine used would determine the amount of suppression
required. The high-speed centrifugal machines would produce predominantly high-
frequency sound and the other types would produce low-frequency sound. Low-frequency
noises are more difficult to suppress than those at higher frequencies. Even so, the
low-frequency noise generated by reciprocating and rotary types of compressors could
be sufficiently suppressed with mufflers costing lesa than $0. 25 per cfm of air flow.

The cost of mufflers for the high-speed centrifugal machines would be negligible.

Muffler design parameters are well known and only limited development should be re-

quired to provide the proper muffler for a specific application.

It is understandable that higher thermal efficiencies can be obtained with more
sophisticated and costly compressors and expanders. However, the effects of the re-
finements on the total cost of air-cycle cooling is not so obvious. The two major costs

other than the compressor and expander are power and heat exchanger or heat exchang-

ers at the sink.
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Table 23 shows, for various compression ratios and thermal efficiencies of com-
pressors caid expanders, performance data and estimated costs of the heat exchanger,

a cooling tower, and power. Arbitrary costs of compressor-expander combinations are
included. These will be used later to show that a considerable increase in the com-
pressor and expander cost can be justified to obtain higher efficiency and c')nsequently
lower total cost..

TABLE 23. AIR-CYCLE SYSTEM PERFORMANCE AND ESTIMATED COSTS PER
.. 1,000 BTU PER 1-R OF SHELTER COOLING

Performance Data

Compression Ratio 2: 1 2: 1 2: 1 4:1 4:1 4:1
Thermal Efficiency, 0.60 0.75 0.85 0.60 0.75 0.85

Turbine and Compressor
COP of System(a) 0.21 0.52 0.96 - 0.25 .0.47 0.77
Air Flow, cfm 28.2 18.0 14.5 10.0 7.80 6.50
Heat to Sin(a), Btu per hr 5,800 2,900 2,000 . 53 000 3,100 2,300

Estimated dosts, dollars

Heat Exchanger 96.50 48.50 33.50 83. 50 51.50 38.50
Cooling Tower 50.00 25.00 17.50 43.00 27.00 20.50
Power, Diesel Engine 75.00 30.00 16.50 63.00 33.50 20.00
Power, Electric Motor 225.00 90i 00 49.00 190.00 100.00 61.00
Compressor and Expander

$1 per cfm 28.20 18,o00 14.50 10.00 7.80 6.50
$3 per cfm 84.60 54.00 43.50 30.00 23.40 19.50

$7 per cfm 197.40 126.00 101. 50 70.00 54.60 45.50

(a) Engine cooling not included as part of cooling load.

For this study, the cost of power by conventional diesel engines and electrical ap-
paratus is used as:

$40 per hp for an engine or for an electric motor, Motor starter, and
motor wiring. ;

$80 per hp for engine, generator, and wiribg to the switch box.

The cost of the heat exchanger and its piping are assumed to be $16.70 per
1,000 Btu per hr of heat transferred. This cost is strictly speculative. The heat ex-
changer would cool air with water from a large natural source or from a smaller source
in connection with a cooling tower. The only off-the-shelf heat exchangers available for

such duty are those commonly used as ai7 compressor intercoolers and aftercoolers.

These are built for years of heavy-duty service with first cost being secondary to

trouble-free operation; therefor-!, they are. not of the class requir2d for the air-cycle
system. Consequently, it was necessary to estimate the cost of an adequate heat ex-

changer. This was done by assurning that, on a Btu per hr basis, the high-pressure

exchanger could be made at the same cost as an atmospheric-pressure air cooler used
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for conventional comfort cooling. The temperature difference for heat transfer in the
high-pressure heat exchanger would be at least five times that of the temperature dif-
ference in the atmospheric-pressure heat exchani,%r. Therefore, the higher pressure
exchanger could be considerably hmaller for the same heat-transfer capacity. It was
assumed that the smaller size would offset the cost of the higher pressure *asing and
piping.

Needed are more accurate costs for heat exchangers and the infirnation on in-
fluence of heat-exchanger design on che over-all performance of an as. -cycle system.
Adequate heat exchangers have b-en built with standard finned-tube barks housed in
standard or custom-made pipe of the desired size. Such designs shouid be considered
for the air-cycle system. The piping from the heat exchanger to the compressor and
expande.r needs to be designed with proper consideration for pressure lose utilizing
where possible standard pipe sizes and fittings for economy.

As shown by the heat-rejection values in Table 23, a relatively large heat sink
would be required.. For this reason a cooling tower has been included. If a large sup-
ply of natural water were available, the tower cost should be replaced by that for ob-
taining and pumping the water through the heat exchanger.

Figure 63 shows a summation ,f the costs itemized in Table 23 for a system
mechanically connected to a diesel engine. This clearly shows that a premium could
be paid for the highly efficient compressor and expander which would reduce the cost
of power and heat exchangers. The effect of compression ratio is not adequately dis-
played because the cort of the heat exchangers was estimated on the basis of only the
quantity of heat transferred. Not only is the quantity of heat to the sink less at the
higher compression ratios, but also the air flow is lower and the temperature differen-
tial for heat transfer is higher. All of these tend to reduce the required size of the
higher pressure heat exchanger, but at the same time its construction would have to be
heavier to withstand the higher pressures. A detailed design and cost determination is
needed to clarify the economics of air-cycle systems.

/
/

STIRLING CYCLE

The Stirling-cycle refrigerator is used in the cryogenic field and technically it
could be used to cool a shelter. However, in spite of recent improvements, Stirling
refrigerators have found little use in ordinary air-conditioning applications, primarily

... ......... because MVC units for these applications are presently more compact, less expensive,
and more durable.

One of several possible configurations of Stirling-cycle coolers is shown in Fig-
u:i 64. The machine is a closed system consisting of two cylinders connected through
heat exchangers and a regenerator. One cylinder is the expansion cylinder and the
other the compression cylinder. The two pistons are driven by the same crank mecha-
nism such that the expansion piston is approximately one-quarter revolution ahead of
the compression piston.

The heat exchangers transfer heat between the surroundings and the gaseous
working fluid inside the unit. Hydrogen or helium is generally used because the fluid



154[

300- '7 per cfm, 'It= 0.60
03per cfm,i7 =0.60

250- X per cf m, it 0.60

C.

1200-7pe 
mit 05

C.

+ 7 pefr cfm,,qt 0.85+
0

50
0 3 per cfm,,l:075

X_ 1 per cfm 7?t=O..75

13 fe cm1=.85

100-
I~ per cfm, q t=0.85

50
2 34

Compression Ratio A-48232

FIGURE 63. COST OF AIR-CYCLE COOLING SYSTEMS



Regenerator

HeatfromHeat to

Expansion Comnpression

FIGURE 64. STIRLING-CYCLE REFRIGERATOR,
RIDER CONFIGURATION

Heat fromi
cold source

Regenerator
olsomer piston

Heat to sink

fto piston 
:

Rihomnie drive
- linkage

A-4434

FIGURE~ 65. STIRLING-CYCLE REFRIGERATOR,
PILIPS DISPLACER CONFIGURATION



156

pressure losses are less for the Auantity of heat transferred. However, air could be
used for shelter cooling al-)iications. The expansion cylinder side is in contact with the
heat source and the compression cylinder side is in contact with the heat sink. Rela-
tively large heat-exchange surfaces are required to minimize the differences between
the internal gas temperatures and the heat source and sink temperatures.

The regenerator usually is constructed of a fine wire matrix. Tts function is to
alternately store and release heat as the working fluid is forced back and forth between
the compression and expansion side by the motion of the pistons.

The heat-transfer surfaces in contact with the heat source and sink tend to main-
tain the working fluid at a constant temperature. Therefore, during compression heat
must be rejected since the compression process raises the temperature of the working
fluid. Because of the phasing of the pistons, as illustrated in Figrre 64, most of the I
working fluid is on the compression side during the compression process; consequently,
most of the heat is rejected on this side. During the expansion process, the opposite is
true. Heat is taken in to maintain a constant temperature as the fluid tends to cool by I
being expan. ed. Because most of the fluid is now cn the expansion side, most of the
heat i. taken in on that side. Thus, there is a net heat flow through the unit from the
expansion side to the compre.ssion side. If the direction of rotation is reversed, the I
direction of the heat flow will also be reversed. Thus, such a unit could be used for
both heating and cooling of a space without changing any of the heat paths. Although the
Rider configuration shown in Figure 64 is simpler to describe, the Philippi configuration
shown in Figure 65 is actually more common at present. This configuration can be
shown to be thermodynamically equivalent to the Rider configuration. Such units are /
currently in use in small capacities as air liquefiers( 4 1) or cryogenic refrigerators
which can operate at temperatures as low as 10 K. There is little present commercial
use of the heat-engine configuration of the Stirling-cycle unit; however, experimental
units are under development for military and space applications. (42) The military po-
tential stems from the fact that it is an external-combustion engine and, consequently,
it has the potential for operating quietly. In space, this external-combustion engine is
of interest because it can be used for the conversion of solar energy and, in addition,
its high efficiency minirnizes the size requirements of heat-rejection radiators. Al-.
though Stirling-cycle engines are currently regarded somewhat as curosities and al-
though they do not enjoy widespread commercial use, the concept is actually older than
most of our current prime movers. The engine w'as invented in 1816 and was widely
used as a source of power in the 19th century. It was particularly attractive at that
time because it was not subject to the violent boiler explosions that were being exper-
ienced with steam-engine power plants. However, these 19th century units were quite
inefficient and bulky and they became obsolete with the development of the modern gaso-.
line and diesel engines.

The modern version of the Stirling-cycle engine is largely the result of the devel-
opment efforts of the Philips Company of the Netherlands, and it is much like the origi-
nPl version with the exception of the addition of the regenerator and the use of high in-
ternal working pressures. As a result, modern Stirling-cycle engines operate at as
high an efficiency as any present heat engine and they are far less bulky than their
predecessors.

The refrigerating capacity of a Stirling-cycle refrigerator is directly proportional
to the mass of working fluid circulated. Thus, the capacity of a given sized unit can be
increased by using higher internal pressures; however, even at around 20 atm average

1** IlIIIII
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internal pressure, the refrigerating capacity per cubic inch of displacement is at the
very best only about one-L.-nth that of a MVC system with a compressor of equal dis-
placement. There are some minu- compensating size factors, but generally speaking,
a Stirling -cyc le refrige ration devil ,,• w ould be at least ten tim es the size and the w e ight
of asi equal capacity MVC device.

In Figure 66, the capacity characteristics of Stirling-cycle ref:igeration units are.
shown compared with those of an R22 M VC system. Capacity ir shov ,.i 's a function of
the heat-rejection temperature expressed as the ratio of the capacity .': the unit to the
capacity with a 95 F rejection temperature, As is shown, the capacity of the Stirling-
cycle unit is relatively insensitive to the heat-rejection temperature, while the capacity
of the MVC system decreases rapidly with *creasing temperature. This drop is due in
part to the reduced volumetric efficiency of the reciprocating compressor at higher dis-
charge temperatures. If desired, a Stirling-cycle refrigerator could be used with boil-
ing water as a heat sink. Of course, this could not be done without increased power
input.

ti l n (Ca culatea |

~R22 
vapof-compression

0.6 
(cotaog~ue date)

, 0 .4 -
0 F cold -side tem p e ra 'ure

0.2

Heat-.4e ction Temperature, F

FIGURE 66. CAPACITY CHARACTERISTICS OF STIRLING-CYCLE AND MVC
REFRIGERATION DEVICES

The estimated COP for the Stirling-cycle refrigerator as a function of heat rejec-
tion temperature is shown in Figure 67 along with catalog data for an RZZ MVC system
for comparison. The performance of the Stirling-cycle refrigerator was estimated on
the basis of the assumption that the unit would operate at 40 per cent of its theoretical
ideal efficiency. This assumption is based on data reported for a Philips air-liquefier
Stirling-cycle unit. (41) As shown, the COP of the Stirling-cycle unit is roughly compa-
rable to that of the MYC system. In a well-designed Stirling-cycle refrigerator the
COP could actually be greater than that for the MVC system. Howe.ier, this again is a
function of the specific configuration of the unit and there are not sufficient operating
data in the literature for this temperature range to establish typical performance
characteristics.
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The capacity of Stirling-cycle refrigerators can be modulated or controlled by
several means. Simplest of these is the typical on-off type of capacity modulation most
commonly used in small-capacity systems. Alternatively, since the capacity of the
Stirling-cycle unit is directly proportional to the mean pressure in the unit, the refrig-
erating output can be varied by varying the internal pressure as desired. A third
method, not practical in this case because of the mechanical complexities involved, is
varying the phase angle between the two pistons to alter the capacity of the unit.

A common disadvantage from the standpoint of durability sharei b7 all Stirling-
cycle machinery is that of the sensitivity of this closed-cycle systenm,, contamination
of the working fluid, particularly by a liquid lubricant. The presence of the lubricant
tends to foul the heat-transfer surfaces, especially if temperatures sufficiently high to
decompose the lubricant prevail. There are two alternatives to circumvent this prob-
lem. One is the use of self-lubricating surfaces for bearings, rings, etc., such as
Teflon-impregnated bearing materials. The other alternative is to use conventional
lubricants and minimize the amount of lubricant leakage into the working fluid by the use
of highly effective seals.

If the former approach is taken, durability is limited by the naturally higher wear
rates experienced by the Teflon-type surfaces compared wUh the wear rates of normal
well-lubricated metallic surfaces in conta " df the second approach is taken, frequent
disassembly is necessary to clean the contaminated surfaces because the low-leakage
seals that must be used are particularly susceptible to loss of effectiveness as a result
of wear.

Despite these difficulties, durabilities of several thousand hours are predicted for
Stirling-cycle engines under development and equal or better life should be possible for
Stirling-cycle refrigerators.

The noise level generated by Stirling-cycle machinery should be somewhat less
than that of MVC machinery. Although mechanical noise from the drive mechanism
would be expected to be about the same, because of the absence of discharge or auction
valves and the absence of the flow pulsations there will be less over-gil noise output.

Since there is no Stirling-cycle refrigeration equipment available at present that
is suited for the requirements of shelter cooling, -ao meaningful cost data are available.
Stirling-cycle refrigerators on t.e market today are special-purpose, low-production,
high-cost units which do not serve as a suitable basis for making cost estimates.

As a general class of machinery, Stirling-cycle units are roughly comparable to
MVC equipment and some rough cost estimates could be made on this basis. If the cost
of the compressor alone in a MVC unit is increased by a factor of about 15, and the
normal cost for the rest of the MVC system is added to this figure, a realistic cost es-
timate for a Stirling-cycle system in high-volume production should result. However,
there is the additional complication that production costs are intimately tied to produc-
ti'on volume and severe cost penalties would be incurred with low-production volume.

Stirling-cycle units have several features which give them unique advantages for
shelter cooling. Perhaps foremost advantage is the possibility of extended shelf-life or
inoperative periods without deterioration of the equipment. Although most Stirling-cycle
units are charged with hydrogen or helium under high pressure as a working fluid and
they are therefore susceptible to leakage problems, air can also be useu as the working
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fluid at the expense of an increase in internal aero-dynamic and friction losses. How-
ever, these losses would rot be severe and units could be equipped with an integral air

compressor so that the un.ts would be self-charging.

In addition, if durabilities of several hundred hours would be accepts *)le, Stirling-

cycle machinery could be made self-lubricating by the use of Teflon bearing and sealing
surfaces and, thus, charging or loss of lubricant would not be a problem. Also, since

the Stirling-cycle unit is a sealed system, it would be naturally resist.'tt to contamina-

tion or corrosion.

The Stirling-cycle unit's tolerance to the heat-sink temperature is also a signifi-

cant potential advantage for shelter applications. Provided there were sufficient power

available to drive the unit, it could operate with only slightly reduced capacity with.

heat-sink temperatures far in excess of those normally anticipated. Another advantage

is the previously-mentioned capability to provide both heating-and cooling. Finally, the

high efficiency obtained by Stirling-cycle refrigeration units is a significant though not

unique advantage.

The primary disadvantages of Stirling-cycle refrigeration equipment are their

large size and probable high cost.

JOULE-THOMPSON DEVICES

The Joule-Thompson effect, which is the change in temperature that can accom-

pany the isenthalpic throttling of a gas from a higher to a lower pressure, could be uti-

lized for cooling shelters. The most important application of the Joule-Thompson effect

is in the field of low-temperature liquefaction of gases.

For shelter cooling application either an open-cycle or a closed-cycle device

could be used. An open-cycle device would consist of a high pressure storage facility

and a throttling valve. A closed-cycle device would require a compressor and heat ex-

changers in addition to the components needed for an open-cycle device. Because of

high operating pressures and relatively low efficiency, Joule-Thompson devices are not

particularly well suited for s.helter cooling application.

Iwo of the more attractive systems were investigated: an open-cycle using air as

the working fluid, and a closed-cycle using ethylene....

In an open-cycle device the minimum amount of equipment is required if the work-

ing fluid can be discharged directly into the shelter. Therefore, air was selected as the

working fluid. Assuming the air is stored at 200 atmospheres (3000 psi) and at a tem-

perature of 80 F, throttling the air through a suitable valve would reduce its tempera-

ture by 63 F due to the Joule-Thompson effect. This would produce 15 Btu of cooling

per pound of air used. In addition to the reduction in temperature of the throttled air

produced by the Joule-Thompson effect, the flow work that is expended as the gas is ex-

pelled from the storage facility would further reduce the air tempr rature. As the stor-

age tanks neared depletion, the stored-air temperature would approach -76 F; assuming

11 1 p li I i
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no heat transfer to the stored air during throttling. This final expelled air would have a

cooling capacity of 38 Btu ;er lb. The approximate over-all average cooling capacity

would be 27 Btu per lb. With an initial storage density of 15 lb per cu ft, the sensible

cooling capacity on a storage-volume basis would be 405 Btu per cu ft which is equiva-

lent to 2.5 cu ft per 1000 Btu. Assuming a sensible heat ratio of 0.47, the storage cool-

ing capacity would be 860 Btu per cu ft or 1. 17 cu ft per 1000 Btu.

The major advantages of the open-cycle Joule-Thompson device are its mechani-

cal simplicity, requiring basically just storage tanks and an adjLstab!-, ,.Ive, its use of

air as the working fluid and its suitability for use during the sealed pz..ud. Its .dis-

advantages include high working 'pressures, ineffective utilization of storage space, and

high cost of the storage facility.

The closed-cycle Joule-Thompson device investigated uses ethylene (refrigerant

1150) as the working fluid. -Ethylene was -selected on the basis of its critical tempera-

ture of 48. 8 F which is just below the temperature level, required for shelter use. This

allows the throttling process to occur just above the critical point where the isenthalpa

are nearly parallel to the lines of constant entropy. Schematic temperature-entropy and

pressure-enthalpy diagrams of the cycle are shown in Figure 68. Process 1-2 on the

.wo diagrams is the throttling of the gas from the higher to the lower pressure with a result-

ant temperature drop. From 2 to 3 the gas absorbs heat by way of a heat exchanger at

constant pressure and variable temperature. Process 3-4 is an isentropic compression

of the gas from the low-to the high-side conditions, and 4-1 is a donstant-pressure,

variable-temperature heat rejection to a sink, again through a heat exchanger.
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FIGURE 68. JOULE-THOMPSON CYCLE: SCHEMATIC T-S AND

* P-H DIAGRAMS
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For operating conditions, was assumed that the lowest sink temperature avail-
able was 120 F and the high-pressure gas would be available at that temperature. The
temperatures in the low-temperature heat exchanger were 60 to 80 F. Isentropic com-
pression from the lower to the higher pressure was assumed. Using the oressure-
enthalpy diagram for ethylene available in the ASHRAE Guide and Data Books, the sys-
tem characteristics and performance shown in Table 24 were obtained.

TABLE 24. CLOSED-CYCLE JOULE-THOMPSON COOLINC(.. YSTEM

CHARACTERISTICS AND PERFORMANCE

Temperature, Pressure, Enthalpy,
State Point F atm Btu per lb

1 120 200 178
2 60 55 178
3 80 55 226
4 235 200 262

(ch3 -h 2 ) y1226-178~ 48
Ideal COP = 6-226/ 36- 1.3.

Consideration was also given to the regenerative heat exchange that is possible
between the cool gas leaving the low-tempernture heat exchanger and the hot gas leaving
the high-temperature heat exchanger. This increased the cooling capacity of theworking
fluid to 60 Btu per lb with only a slight increase in compression work for a gain in Lhe

GOP to 1.6.

The pcssible advantage of a closed-cycle J-T refrigeration device is the elimina-
tion of the need for a dynamic expansion machine such as is required for the air-cycle
device which is normally :onsidered to operate in the perfect gas regime. Thedis-
advantages would appear to be with the high presrures involved. A search for a more
suitable working fluid to overcome this was not successful.

VORTEX-TUBE DEVICES

A vortex tube is a static device that divides a compressed stream into two por-
tions with a temperature increase in one portion and a decrease in the other. Being a
static device, the vortex tube accomplishes these temperature changes without the bene-
fit of a transfer of external work. It is also known as a 14ilsch tube, Ranque tube,
R'.nque-Hilsch tube, vortex refrigerator T-tube, and separator tube. It has not been
employed extensively as a refrigeration device because of its low efficiency. In gen-
eral, its practical applications have been few and it remains primarily a laboratory
curiosity. Because of its low efficiency, it is not suitable for use in shelter cooling

systems.
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The most common vortex tube design is shown in Figure 69. (43) This consists of
a tube with a control valve at one end, an orifice plate near the other, and a nozzle near

the orifice plate which directs the gas into the tube in a tangential direction. The setting
of the control valve determines the amount of gas leaving either end and the gas tem-
peratures. An example of the temperatures that can be attained are shown in Figure70.

These plots are taken from data published by Hilsch in 1947( 44 ) and are representative
of the temperature developed by a vortex tube using air at various supply pressures.

With all the air leaving through a wide-open control valve, ther, .L no change in
the temperature of the gas stream. As the valve is closed and some :k.-: begins to leave
through the orifice end, the stagnation air temperature at the orifice begins to decrease.

At the same time, the air temperature at the valve end begins to increase. Further
closure of the valve forces a larger percentage of the air to leave through the orifice

and at lower temperatures until at some mass ratio value (,u) a minimum temperature.

is reached. Continued control valve closure forces more cold air out the orifice end,

but at higher temperatures. The air temperature at the valve end continues to increase

as the valve closes until at eminent closure there is virtually no temperature change in
the air leaving the orifice end, but a large temperature increase in the small amount

leaving the valve end.

The mechanism by which the vortex tube operates is still not completely under-
stood; however, one of the more logical explanations is based on the conservation of

momentum and the exchange of kinetic energy by viscous shear. (45) Briefly, the gas

entering the tube tangentially establishes a vortex where momentum is conserved; that

is, the product of tangential velocity and the path radius of each particle is a constant.

This type of vortex has slower moving particles near the walls of the tube and faster

moving ones near the center. As the vortex moves from the orifice plate region and

along the tube toward the valve end, viscous forces tend to establish a vortex with a con-

stant angular velocity, speeding up the slower particles at the expense of slowing down

the faster ones. The energy transfer during this process is thought to cause an increase
in the stagnation temperature of the gas near the walls of the tube and a decrease in the

temperature near the axis. The resulting temperature difference and heat transfer is

then thought to cause the cooler gas to expand forcing it out along the axis at the orifice

end.

It is conceivable that a vortex tube could be employed in either an openl-cycle or

in a closed-cycle levice in much the same manner as a Joule-Thompson device. Both

cases were investigated for the vortex tube. While neither appear to be applicable to

shelter cooling, example calculations are included to provide some basis for this

evaluation.

For the open-cycle vortex tube device, the cold gas performance curve shown in

Figure 70 for a supply pressure of 6 atmospheres might be considered. This plot is

shown again in Figure 71 along with a plot of the product of the mass ratio and the tem-

perature depression, The product A (T o -T) indicates the cooling capacity per pound of

gas supplied to the tube. As shown, this is a maximum at = 0. 6 where the tempera-

ture depression is 70 F. Assuming an air storage temperature of .80 F, direct injection

of the cooler air to the shelter with reheating to 80 F, no change in performance of the

vortex tube, and a slight change in supply-air temperature, the initial cffectiveness of

the device would be:
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I Ah = ,u (Cp) (AT)

S= 0. 6(0. 24) (7 0)

N6

= 10 Btu per lb air stored.

With a storage-air density of 0.45 lb per cu ft at 6 atmospheres and 80 F, the initial
sensible cooling capacity on a storage-volume basis would he 4. 5 Btu per cu ft. This is
an extremely low space utilization, and higher storage pressure woull wot significantly
improve the situation.

During this program, the vortex tube was analyzed in terms of a semiopen
mechanically-motivated cycle as shown in Figure 72. The assumed temperatures are
sim-ilar to those associated with the closed-cycle Joule-Thompson device. Atmospheric
air at li}, F was assumed to be available as a working fluid and as a sink. In Figure 72,
the air used as a working fluid is comp:essed to 1.5 atmosphercs, cooled to 120 F by
the sink, and then to 96 F by the cooler air leaving the shelter. The compressed air is
then directed to the vortex tube where 60 per cent leaves the cold end at 66 F (see Fig-
ure 71) and the remainder is rejected to the atmosphere. The 66 F air is then directed
to the shelter where it is heated to 80 F and then to the heat exchanger where it cools
the air about to enter the vortex tube. Assuming an isentropic compression process,
the temperature of the air leaving the compressor would be 190 F and the compression
work would be:

Ideal Wk (Ah) = Cp (AT)

= 0. 24 (70)

16.8 Btu per lb.

The sensible cooling effect per pound of air compressed would be:

oc = A (cp) (AT)

= 0.6 (0.24) (14)

= 2 Btu per lb.

The resulting COP would then be:

Ideal COP W -c 0. !.

This is a very low efficiency and is some indication as to why this device has not been
used extensively.

/" ./
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SOLID STATE DEV:CES

A cooling effect can be produced by electrically or magnetically stimulating vari-
ous materials or material combinations. Devices operating on this principle can be
thought of ac solid-state devices in that the cooling is produced directly in solid mate-
rials without the need for a gaseous or liquid working fluid. At this time, the use of
solid-state devices for shelter cooling is not practical because of the -:igh first cost.

The cooling effects of interest are:

I. Thermoelectric (Peltier)

2. Galvanomagnetic (Ettingshausen)

3. Thermomagnetic (Righi-Leduc).

Of the three, only thermoelectric cooling has potential for use in shelters. In the
past several years a number of commercial applications have been made. However,
with few exceptions, all applications have been low capacity devices with ratings below
about 1000 Btu per hr. Larger units of up to 120,000 Btu per hr capacity hav e been and
are being developed. These projects are Government sponsor zd and directed toward
determining feasibility for such applications as shipboard air conditioning and refrigera-
tion. Up to the present time there have been no serious attempts to market thermo-
electric air conditioning.

Following is a brief description of each of the cooling effects.

THERMOELECTRIC

The thermoelectric effect is the reversible transformation between electrical and
thermal energy that occurs at the junction of dissimilar conductors. Figure 73 is a
sketch'of a thermoelectric device. A direct current passed through the device will pro-
duce cooling at one junction and heating at the other depending on the direction of current
flow. With presently available materials the COP of a thermoelectric device would be
about 1. 5 at a temperature difference of 70 F between the hot and the cold junction as
compared with a COP of 5 at the same temperature difference for a MVC device.

Thermoelectric refrigeration is not more widely used for several reasons. First,
with presently available materials the performance efficienci' is inferior to that of con-
ventional refrigeration equipment. Second, thermoelectric material costs are relatively
high. Lastly, and perhaps most important, are fabricatinn costs. While at first glance
a thermoelectric device appears to be an extremely simple assembly, this is apparently
not the case. Among other items, difficulties have been experienced in obtaining and
maintaining satisfactory junctions. The quality control and construction techniques
necessary to overcome these difficulties have resulted in high fabrication costs.

. . . . .. . * -. ,
• • •/ *.. /7.
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FIGURE 73. THERMOELECTRIC COOLING EFFECT

For shelter applications, thermoelectric devices for air conditioning purposes
are technically feasible, but economicall-, unfeasible. Sinre All large size units are
still in the research and development phase, it is difficult to establish a meaningful cost.
However, a general consensus of the people contacted is that it is much too exp'.nsive
ior shelter application. Hopes of significantly improving the situation in the near future
were not cncouraging.

GALVANOMAGNET C

An electrical conductor lying in a magnetic field and carrying a longitudinal elec-
tric current at right angles to the field produces a thermal potential across the conduc-
tor that is mutually perpendicular to both field and current. The thermal potential is
known as the Ettingshausen Effect. Figure 74 is a -ketch showing the galvanomagnetic

coupling effects. (46) .

At the present time, the Ettingshausen Effect is just oeginning to find .iome' appli-
cations in the low temperature field, that is, below ab,jt 160 K (-170 F). Operation at
normal air-conditioning temperatures is hampered by unfavorable mobility of the charge
carriers and would require magnetic field densities far beyond present capabilities and
therefore, is not technically feasible for shelter ccroling.

" vI~
\/ *~' /"
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THER MOMIAGNE TIC

Rlaigtixe longitudinal electric currcnt of the Ettingshauscn Effect with it

thermal current also produces a thermal poter tial across the conductor. T'igure 75 is

a skectch showing the thermornagnetic coupling effect known as the Righi-Leduc Effect.
I his offect is also just beginning to findJ some applications, mostly ir the instrumenta-

tio~n and measurement. At present, it does not appear that the Righi- I .duc Effect is

suitable for shelter air-conditioning applications.-
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/

GENERAL CONSIDERATIONS

A cooling system is construed to be the total assembly of equipment and materials
required to remove z.d dispose of excess heat. For example, in a shelter a cooling
system utilizing an artificial heat sink might consist of: (1) a supply of ice, (2) an ice-
storage facility, (3) a circulating water pump, (4) a heat exchanger, and (5) a power
supply. Many other combinations of components can also be used. However, depending
upon the degree of availability of air and natural water, certain systems will have
greater cost effectiveness than others. Because selection of the best type of cooling
system for a particular shelter is so greatly influenced by the availability of useable
natural air and water, it is convenient to make a breakdown of possible cooling systems
bascd on this availability. This has been done in Table 25, "Shelter Situations and
Possible Cooling Systems".

Table 25 shows cooling systems applicable for use in situations where varying
amounts of atmospheric air, natural water, and both atmospheric air and natural water
are available. Included in the table for each system considered are: the total cost, the
heat sink and power supply to be used, and the main features of the mechanical equip-
ment required. Following the table are more detailed descriptions of the various sys-
tems, including schematic diagrams and breakdowns of the cost of the ma-or
components.

Not all conceivable shelter cooling systems are included in the table. The systems
presented represent a wide range of practical arrangements. The table permits com-
parison of the costs of a number of systems and illustrates the technique of combining
components into useful systems for particular situations.

In general, the systems considered are presented in order of increasing depen-
dence on atmospheric air and natural water. The availability of air is presented in
terms of use because air is always available in ample quantities, but it may not always
be useable because of high temperature or contamination. The air-use categories con-
sidered are: (1) not useable, (2) useable for combustion, (3) useable for shelter ventila-
tion, (4) usc ible for cooling spray ponds, and (5) useable for operation of other above-
ground equi -rent.

The fi'- ategories listed above are cumulative. For example, i; atmospheric air
is sv~table f r cooling spray ponds, it is also suitable for shelter ventilation and com-
bustion'. I, .' selection of these use categories, consideration was given to blast

maim-I
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TABLE 25. SHELTER SITUATIONS AND

Codt(c). $ per .1,000 Btu per

Air Supply Sai bln for -- Natural Water Supply h:, for Indicated Type of
Situation Spray Exposed Ample Ample Shelter

Number Combustion Ventilation Pond
(
') Equipment(b) Limited '0-90 F <70 F Fallout 30 psi 100 psi

97(19) 243(29) 381(39)
,! _ , :..... -l ,5(47) 227(56) 333(64)

../ . .... .. ..... . ..... ........... 111(33) 257(43) 39,5(53) I

2 _Y" 1718(53 5(8
SX X 56(3'7) 90(39) 119(41) I

4 -' -18 t 34

S X 101(23) 247(33) 385(43)
X 93 120 145

X 92 134 174

6 X X 72 V4 115•

X X NA 15-42 15-42
X X NA 41-55 58-72

X X (Except for sealed period) 78 121 164

7 X X X 56-

X X X 78 122 NA i
X X X 127 180 NA

8 X X X X 8-35 NA NA
X X X X 19-33 NA NA I
X X X X 56 NA NA

X X X 59 NA NA

X X X 89 NA NA
X X X X 120 NA NA

9 X X 86 66 86

10 X X X 43 43 43

X X X 59 59 59

X X 106 106 106

11 X X X - 9 to 36-=
12 X X X 66 66 66

X i X X X 71 71 , 71
X X X X 43 43 43

X X X X 59 59 59
14 ___ X X __ X X - 19 to 36--e-
15 X X X X 50 50 NA

X X X X 66 66 NA F
76- X _ - X2 - = - - =--3 - "= -9--

17 X X X X X ------- 19 to 36- -
is -- x - -- x 5- -- -A W--

X X X X X 14-98 NA NA -

19 -X_ - 4 -" -x ,'- -'-'a -
20 X X X X X X --- 19to36 -

(a) 10-in. concrete slab aud piping assumed to be suitable for 30-psi blast.

(b) Exposed equipment refers to commercially available components assumed to have no blast resistance.

(c) cost for 14 days except those in paentheses, wh4cs are for 24 hours. -

Abbreviations:- Eng. Gen. - Engine-generator set, St. - stored, MVC - Mechanical vapor compression.
Atmos. - atmosphere, Ref. Eng. - refrigerant-vapor expansion engine. NA - not applicable.

t,
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POSSIBLE COOLING SYSTEMIS

Cooling
Description system

Sink ~ Power Main Mect .ical Features No.

Ice Manual Circulate water over ice, 02 for man power 1
St. Water Manual Open-cycle absorption. H2S04 -H20, 02 for man power 1

--- Ice -- Ref. En.- Circulate water over Ice 1
Ammonia -Manual Di__rlect expansion Of ammonia. 02 for man power IC

*Water M-nual isame as sytem 1A less stored water 2
Water - Manual Open-cycle absorption, 112 504 -H20. 02 for Man Power 3

*Water - Manual -Circulate water through het exchanger.0 2 for man power - 4
Ice Eng. Gen. Same as System 1 plus power
St. Water Eng. Gen. MVC, cascada cycits, boiling water condenser i SA
Alcohol _ Eng. Gen. Mechantical compression of alcohol vapor, open cycle 5B - -

St. Water Eng. Gen. MVC, evaporative condenser in exhaust air duct 6
Air Eng. Gen. Ventilating air, various types of filters, 20 cfm per person 6A
St. Water Eng. Gen. Evaporative cool ventilating air, 10 cfrn per person li
St. Water Eng. Gen. System 6 plus water for sensible temp. rise for 24 M~ 6
St. Water Eng. Gen. MVC spry. - 7
St. Water Boiler Absorption refrigeration, spray pond 7A
St. Water Eng. Gen. Air-cycle cooling, spray pond 7B
Air - - Eng. Gen. Vniaig air, various filts. 20 cf9 per pison 7
St. Water Fng. Gen. Evaporative cool ventilating air, 10 cfm per person SA
A tmos. Thg. Gen. MVC, air-cooled condenser 813
St. Water Erg. Gen. MVC, cooling tower 8C
St. Water Boiler Absorption refrigeration, cooling tower 8D
AlIcohol ___ Eng. Gen. Alcohol evaporation in a cooling tower 8 E
Wa!ter_ _Eag.Gen._ _Same asSystem B5A less stored water 9
Water Eng. Gen. MVC. water cooled 10
Water Boiler Absorption refrigeration, water cooled 10A

"ater~ ~~~~~ ___Egn I-cle cooling. water cooled10
Water E__ng._Gen. - Circulate cold water ___

Witter - - Eng. Gen. - - Same as !at- I I- Ired watr 12
WaerEng. Gen. Dehumidification and evaporative cooling 13

Water Eng. Gen Same as System 101A
Water Boiler Same as System 10A 13B

Wa -n Gn Sme as Syte 1 14
Wt ~ Eng. Gus. Same as System 7 less stored water 116
War ~ Boller Same as System 7A less stored water15
Water En. Gen, Same as Sysem 10- - - ---

Eng. Gen. Same as System 11 17
Ai Eng. Gen. Sa~eas1e T -18- -

Wate Eng. Gen. Same as System 8A less stored wat.- 18A
Vte* -E~aThen. - S-a? !s T - - - -

WtiEng. Gen. Same -1s System 11 -20- -

2 1 11 1

.El
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resistance and its effect on cooling-system costs. Cost data are shown in the table for
fallout shelters and for sh,.iters affording protection against 30-psi and 100-psi
overpressures.

For the first three air categories all cooling equipment would probafly be located
underground and any desired degree of blast protection could be selected for design.
For the fourth and fifth categories, aboveground equipment could be used. Shallow-

basin spray ponds are inherently more blast iesistant than most other types of above-
ground equipment. Therefore, spray ponds are listed in a separate category. For
purposes of this report it was assumed that, essentially normal construction practices
having been used, spray ponds would be capable of withstanding a 30-psi overpressure.
To simplify the economic study, the other aboveground equipment was assumed to have
no blast resistance. It was beyond the scope of this program to determine the cost of

blast-resistant aboveground equipment.

The availability of natural water is divided into the following categories: (1) no
supply, (2) limited supply, (3) ample supply between 70 and 90 F, and (4) ample supply
below 70 F.

As was the case in selecting categories of air use, the above categories were ar-

bitrarily chosen. However, they are logical choices. The limited-supply category im-

plies that the water would have to be evaporated to absorb the cooling load. The amply-

supply categories were divided at 70 F because water below 70 F could be used directly

in a heat exchanger to cool a shelter, whereas if the temperature is above 70 F, a re-

frigeration device would be required. An upper temperature limit of 90 F was selected

as being the maximum temperature which would be expected for natural water.

The estimated costs are shown in dollars per 1, 000 Btu per hr for cooling systems

having a capacity of 300, 000 Btu per hr !Aith a heat sink of sufficient capacity for 14 days

of operation. In general, the costs on a Btu-per-hr basis for systems having larger
capacities would be somewhat less than those shown, and the costs for smaller capacity
systems would increase appreciably.

When a stored heat sink is specified, the cost of underground storage space is es-

timated to be $0.70 per cu ft for fallout shelters where no blast resistance is required,
$4 per cu ft for 30-psi blast shelters, and $7 per cu ft for 100-psi blast shelters. The
cost for the 0. 5 to 2 cu ft per 1, 000 Btu per hr of shelter space required to house the

equipment installed in the shelter is not included. The cost of mechanical power is in-

cluded in the cooling system cost. However, the cost of the equipment required to
utilize manual power is not included.

In determining the size of the heat sink and, therefore, its cost, the quantity of
heat to be rejected to the sink was considered to include the heat to be removed from

the occupied space, the energy input required to drive the equipment, and, for the open-

cycle absorption systems the heat of mixing of the working fluids. Not included is any
waste heat from the power system, whether an engine or manual.
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SYSTEM SCHEMATICS AND COST BREAKDOWN

SYMBOLS FOR COOLING SYSTEM SKETCHES

7 Blast valve

Filte r s

787 Ventilation blower

-- CH- Chilled water flow

-CHR- Chilled water return

Water flow

R -  Refrigerant flow

Alcohol flow

Steam flow

CCirculating pump

Air-handling unit

.. .. ...... Compressor

Expansion valve

Open-cycle absorption refrigeration. device

A-4240
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Closed-cycle absorption refrigeration device

Boiler

Liquid-cooled-condenser

Air-cooled condenser

Source of ample water (well: lake, pond, river, or utility)

_________ Spray pond

Cooling tower

Evaporative condenser

_____Water sprayed over ice . ...... ....

Open tank or pond

Closed tank or pond

Open tank or pond containing pipe coil

A- 4Z41 
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Evaporative cooler

0 0 01 Dehumidifier, Water cooled, and regeneralfr

Storage tank, pressurized

Refrigerant expander

Air-cycle, expanier-compressor

A-48242
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SYSTEM 1

CHR

A- 48243

Description: Circulate water over ice a,; d through hieat exchanger
Heat sink: Stored ice
P~ower: Manual
Sour ce of potable water
Extra oxygen required for manual power

Cost:* $ per 1,000 Btu per hr Type of Storage For Ice
Fallout 30 psi 100 psi

Air-handling unit 11 (11) 11 (11) 11 (11)
Storage 74 (5.3) 220 (15.7) 358 (25.6)
Ice 10 (0.7) 10 (0.7) 10 (0.7)
Pump, 60 gprr 2 '2 ) (2 2 Z(2 )

97 (19.0) 243 (29.4) 381 (39.3)

*Costs in brackets are for 24-hir p~eriod.
Cost of standby refrigeration equipment negligible; operating cost proportional to duration of standby.
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SYSTEM IA

Acid Spenlt Stored

A-40244

Description: open-cycle absorption; absorbent, sulfuric
acid; refrigerant, water

Heat sink: boiling water at 212 F
Power: stored or manual
Extra oxygeni required for manual power;

unconventional equipment; corrosion at
high solution temperatures.

Cost:* $ per 1,000 Btu per hr Type of Storage for Fluids
Fallout 3 0Opsi 100 psi

Air-handling unit 17(17) 17(17) 17(17)
Absorber unit** 25(25) 25(25) 25(25)
Acid tank 13(0.9) 53(3.8) 83(5.9)
Spent-solution tanks 23(1.6) 68(4.8) 110(7.9)
Acid 18(1.3) 18(1.3) 18(1.3)
Water tank 8(0.6) 45(3.2) 79(5.6)

*Pump 1(1) 1(1) 1(1)
105(47.4) 227(,56. 1) 333(63, 7

tosts in brackets for 24-hr period.
05P6more expensive than low-temperature absorber unit.
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SYSTEM 1B !

A-40245I

Description: Circulate water over ice and through condenser

Hcat sink: Stored ice

Pow.,er: Refrigerant-vapor engine

Source of potable water

Oxygen not required for power

Refrigerant-vapor engine not commercially available

Cost:* $ per 1, 000 Btu per hr Type of Storage for Ice

Fallout 30 psi 100 psi

Vapor engine [
Expander 3(3) 3(3) 3(3)

Vapor generator 12(12) 12(12) 12(IZ)

Vapor condenser 10(10) 10(10) 10(10)

Pump, water 2(2) 2(2) 2(2)

Storage 74(5.3) 220(15.7) 358(25.6)

Ice 10(0.7) 10(0.7) 10(0.7)

111(33.0) 257(43.4) 395(53.3)

*Costs in brac':ers for 24-hr period. Cost of standby refrigeration equipnent negligible, operating cost proportional [
to duration of standby.

r

,I.

.

do

ti
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SYSTEM I C

Atmospheric

NH, Storage
A-46246

Description: Direct-expansion coils
Heat .4ink: Storcd ammonia
Power: Manual-powered blower
Ammonia toxit:
Extra oxygen required for manual power

cost!* $per 1,000 Btu per hr

Air-handling unit, direct expansion 11(11).
Storage 74(5.3)
Ammonia 30(2. 1)

115(18.4)

4Ccsts in brackets are for 24- hr pt -iod.
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SYSTEM 3

Waste I

_ _ I
Acid Spent Ample

solution water
A- 482 47

Description: Open-cycle absorption; absorbent, sulfuric acid; refrigerant, water
Heat sink: Natural source water

Power: ManualI
Extra oxygen required for manual power
Unconventional equipmentI

Cost-* $ per 1, 000 Btu per hr Type of Storage For Fluids
Fallout 30 psi 100 psi[

Air-handling unit 17(17) 17(17) 17(17)
Absorber unit** 17(17) 17(17) 17(17)
Acid tank 5(0.4) 2-1(1.5) 33(2.4)
Spent suiltion tank*** 9(0.6) 27(1.9) 44(3. 1)

Acid 7(0.5) 7(0.5) 7(0.5)
Pump 1(1.0) 1(1) 101)

56(36.6) 90(38.9) 119(41. 0)[

*Costs a. brackets are for 24-hr period.
OAbsorber unit includes pumps.

*"Spent solution tank not needed if spent solution can be dumped.
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SYSTEMA 4

WasteAmple
cool water
A- 48248

Description: Coo] water through heat exchanger
Heat sink: Natural source cool water
Power: Manual
Extra oxygen required for manuai power

Cost:-, per 1, 000 Btu per hr Water temperature, F
50 70

Air flow, cfm
0. 10 0.19

COP*
68 30

Air-handliny unit* 15 30
Well, 100, ft 1 1
Pump 2 3

78 3-4

w-OP calculated for lou-ft head for well.

4C.o- adjusted for temnperature difference and air flow.
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A-48249

b)es c r ip t i on: (Cirvt&l:t(e -w~ter I.over ice ad tliroag* ledi vxclh : lgr

-ll(!Z t Sllnk: . tOlrd iL I
Pow~er: En-Agile -gc~rIicr s vet

Cost:~ $ per 1, 000 Btu per Tyii* of Itja, o c
Fallouzt 30 ~i I Oo ) as

Air-yiid!i. unit 11( 11" 11)1(1
Storage 74(5.3) '-10(15.7) .3 58(z5. 6)[
Ice 10(9.7) 10(0.7) 10(0.7,
Pump, 60 g,3in 2() (2) 2(Z)1
Power 4(4) 4(4) 4(4)

10-1(23.0) Z47(33.4) 385(43. 3)£

00 siibravk.z6 are fer 24-hr p,;n.Jl. Gi -te1 h r i l iti . iiV. p. .r le rport lenal tO
duiatio.i c"f~l't hy.
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SYSTEM SA
Steam
vent

I -I-

ioil

I -

cond e nse r

A-48250

Description: Mechan;cal vapor compression, cascade cycle, 212 F condenser
Heat sink: Water, phase change
Power: Engine-generator sot
Modification of commercial equipment required

Cost: $ per 1,000 Btu per hr Type of Storage For Water
Fallout 30 100 psi

MVC, direct expansion* 60 60 60
Water storage 8 35 60
Power 25 25 25

-m e t et 1si0 145

*Cost assumed to be twice that of a single-stage MVC unit.
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SYSTEM 513

Atmospheric - pressure

exhaust

Methyl alcohol
storage

A- 48251

Description: Open-cycle alcohol vapor compression
Heat sink: Stored methyl alcohol
P,-,e " .naine-vencrator set

Toxic fumes to be exhausted or burned

Compressor may need development

Cost: $ per 1,000 Btu per' hr Type of Alsohol Storage

Fallout 30 psi 100 psi

Alcohol 30 30 30

Storage 12 54 94

Compressor* 20 20 20

Air-handling unit,
direct expansion 11 11 11

Electric motor and
wiring 4 4 4

Power 15 15 15

as 134 174

•*Cost assumed to be equal to that of commercial rotary-vane air compressors. __
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SYSTEM 6 T 1

J] R -r2 5 ,F_--

A- 46252

Description: Mechanical vapor compression with evaporative condenser

Heat sink: Stored water
Power: Engine-generator set.

Heat can be rejected with vent.lating air

Cost: $ per 1, 000 Btu per hr Type of Storage For Water
Fallout 3 p00 psi

MVC, direct expansion 30 30 30
Evaporative condenser 18 18 18

Water storage 6 28 49

Water pump 1 1 1

Power 17 17 17
72 94 115
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SYSTEM 6A

A- 482531

rDescription: Cool with ventilating air, filters optional
Heat sink: Ventilating air
Power: Engine -generator set

Cost:* $ per 1,.000 Btu per hr Type of Filters
None Particulate GW/BW

PRlast Valves 7 7 7'
Filters 0 2 21
Blower and power 8 11 14

15204

*Cost estimates made assuming: (1) 500-person shelter, (2) cooled by 20 cfm per person,
(3) 20 cfm dissipates 600 Btu per hr. Costs vary directly
with air-flow rate.
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SYSTEM 6B

A- 46254

Descriptiun; Ventilating air evaporative cooled with stored water

Heat sink: Stored water
Power: Engine-generator set
Air-flow rate 1/2 of that required by ventilation only,

10 cfm per person, see System 6A
Evaporative cooler also an air cleaner

Cost: $ per 1,000 Btu per hr 30-psi Blast Shelter
Type of Filters

None Particulate CW/BW

Blast valves 4 4 4

Filters 0 1 11

Blower and power 6 7 9
Evaporative cooler 7 7 7
Water storage* 23 23 23

Water pump 1 1 1
T1 43 " 55

System For 100-psi Blast Shelter

58 60 72

*Assume sensible heat of inlet air equals that of outlet air.
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SYSTEM 7

A-48255

Description. Mechanical vapor compression with spray pond
Heat sink: Stored water
Power: Engine-generator set

Cost $ er , 00 Bt pe hrType of Water Storage
Cs:..1,0.uprhFallout 30 psi

MVC, direct expansion,
with condenser 30 30

Spray pond* 3 3
Water storage 6 28
Water pump 1 1
Power 16 1656 

7 8

10-inch concrete slah with spray equipment.

[iF

F._

/-
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SYSTEM 7A

W

A-48256

Description: Absorption with spray pond
Heat sink: Stored water
P~ower: Boiler and small quantity of electricity

Cost: $ per 1, 000 Btu per hr Type of Water and Fuel Storage

Fallout 30 psi

Absorption 27 27
Air-handling unit 11 11
Boiler 14 14
Spray pond* 6 6
Water storage 1z 56
Fuel and fuel storage 4 4
Pump 2 2
Power, electric 2 2

78 I1 Z2

010-inch concrete slab with spray equipment.

/

//
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SYSTEM 7B

,W

ter-cooled air W

heat exchanger L l

A-4925?

Description: Air-cycle cooling with spray pond

Heat sink: Stored water

Power: Mechanical drive by engine

Equipment development required

Cost: $ per 1, 000 Btu per hr Type of Storage ior Water

Fallout

Compressor-expander 8 8

Heat exchanger 52 52

Spray ponds 7 7

Water storage 14 67

Pump 3 3
Power 43 43

127 18cs s q

01O-inch concrete slab with spray equiprnent.
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SYSTEM 8

Description: Cool with ventilating air, filters optional
Heat sink: Ventilating air
Power: Engine- generator set

Cost- * $ per 1, 000 Btu per hr Type of Filter
None Particuilate CW/BW

Filters 0 2 21
Blowers and power 8 11 14

8 1T3 3

OCost estimates made assuming: (1) 500 person shelter, (2) cooled by 20 cfm per perso
(3) 20 cfrn dissipates 600 Btu per hr. Costs vary directly

with air flow.
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SYSTEM 8A

Description: Ventilating air evaporative cooled with stored water
Heat sink: Stored water and ventilating air
Power: Engine-generator set
Air flow one-half that required by ventilation only,

10 cfni per person, see System 8
Evaporative cooler also an air cleaner

Cost: $ per 1,000 Btu per hr Type of Filter
None Particulate CW/BW

Filters 0 1 11
Blower and power 6 7 9
Evaporative cooler 7 7 7
Water storage 5 5 5
Water pump I 1 1

1.9 71 33
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SYSTEM 8B

A,48260

Description: Mechanical vapor compression with air-cooled condenser
Heat sink: Atmosphere
Power: Engine-generator set

Cost: $ per 1,000 Btu per hr

MVG, direct expansion, with condenser 40'
Power 16

6
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SYSTEM BC

/

A-4S261

Description: Mechanical vapor compression w ith cooling tower
Heat sink: Stored water
Power: Engine-generator 'et

Cost: $ per 1,000 Btu per hr

MVC, direct expansion, with condenser 30
.Cooling tower 9
Water storage 6
Water pump 1
Power 13

59
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SYSTEM 8D

W

=001 nf_ __ Ao-49264

Description: Absorption with cooling tower
Heat sink: Stored water
Power: Boiler and small quantity of electricity

Cost: $ per 1,000 Btu per hr

Absorption unit 27
Air-handling unit 11
Bo-ler 14
Cooling tower 18
Water storage 12
Pump. 2
Fuel and storage 3
Power, electric 2

89
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SYSTEM 8EI

Alcohol storage[

Description: Chilled alz-ohol from cooling tower circulating in heat exchanger
Heat sink: Alcohol
Power: Ergine-generator set
Rejects heat to 'warm atmosphere without a -tefrigeration device

Cost: $ per 1, 000 Btu per hr

Alcohol 52
Alcohol storage 20
Cooling tower* 9
Air-handling unit"* 30
Power 6
Pumps 3

*Cost of tower assumed to be same as water cooling tower.
**Air-handling unit sized for 7§ F fluid.
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SYSTEM 9

Steam

wae

A - 48684

Description: Mvechanical vapoiz -*:cLpcziofl, cascade cycle, 212 F condenser
Heat sink: Water, phase change
Power: Engine -generator set
Modified commercial equipmnent

Cost: $ per 1, 000 Btu per hr

Fallout 30pi100 psi

MVC, direct expansion* 60 60 60
Power 25 25 25
Water pump 1 .1 1

Orost assumed to be twice that of a single-stage NIVC unit.
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I
SYSTEM 1 0

Waste T Ample

A- 48268

Description: Mechanical vapor compression$ water-cooled condenser

Heat sink: Water I
Power: Engine-generator set

Cost: $ per 1, 000 Btu per hr

MVC, direct expansion, with condenser 30

Water pump 2

Power 11

I

i' ~Ii
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SYSTEM I OA

Wsto Ample water
A-48266

Description: Absorption, water-cooled absorber and condenser
Heat sink: Water
Power: Boiler and small source of electricity

Cost: $ per 1,000 Btu per hr

Absorption unit 27
Air-handling unit 11
Boiler 14
Fuel and storage 3
Pump 3
Power, electric 1

59

X
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SYSTEM 10B

Cool air Shelter
air

E C - I

WaIste ZWater -coaleI

air heat I
exchangerI

Ample water

Description: Air-cycle coolingA486

Heat sink: Water
Power: -Mechanically driven by engineI
Development required

Cost: $ per 1, 000 Btu per hr

Compressor-expander 81
Heat exchanger 52
Power 43
Pump 3 i

10[
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SYSTEM 11

Waste Ample cool

water
A'4$268

Description: Circulate cool water
Heat sink: Water
Power: Engine-generator set

Cost: $ per 1, 000 Btu per hr Water Temperature, F
50 70

Air-handling unit 15 30
Well 1 1
Water pump 2 3
Power 1 2

9 36
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SYSTEM 13

c II

Waste water I
A -46269

Ample water -

Description: Dehumidify, evaporative cool, recirculate shelter air

Heat sink: Water
Power: Engine-generator set
Reject heat to relatively warm water
Remove bacteria and mold spores from air

Use ventilating exhaust air for regenerator

Cost: $ per 1,000 Btu per hr

Dehumidifier 27
Regenerator 13
Boiler 20
Evaporative cooler 5
Pump I

Power 5
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