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DISCLAIMER 

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



SOLAR COOLING APPLICATIONS WORKSHOP 

Organized by the Passive and Architecture/Construction 
Divisions of the American Section, Inc. of the 
International Solar Energy Society 

Sponsored by the Southern Solar Energy Center, the Lawrence 
Berkeley Laboratory, and the US. Department of Energy 
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SOLAR COOLING APPLICATIONS WORKSHOP: JUNE 1, 1989 

Qbjectiye 

The objective of this workshop is to present a summary 
of the state of the art in active, hybrid and passive 
cooling techniques and devices. 

Agenda 

The following speakers will make presentations in the 
listed areas: 

1. Introduction to the Workshop 
Don Elmer 
AS/ISES 

2. Introduction to Active Systems 
Dave Anand 
Univ. Qf Maryland 

3. Rankine Systems 
Steve Scarborough 
Honeywell 

4. Absorption Systems 
Di ck 11er rick 
ARKLA 

5. Zeolite Systems 
Peter Downing 
Zeopower 

6. Break 

1:00-1:15pm 

1:15-1:30pm 

1:30-1:55pm 

1:55-2:20pm 

2:20-2:45pm 

2:45-3:00pm 
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7. Introduction to Passive Systems 3:00-3:1Spm 
Don Elmer and Marlo Martin 
USDOE - LBL 

8. Evaporative Systems 
John Peck 
Environmental Research Lab 

9. Radiative Systems 
Chuck l>1iller 
Desert Research Institute 

10. Dehumidification 
Frances Arnold 
SERI 

11. Break 

12. Ventilation 
Arthur Bowen 
Univ. Of Miami 

13. Earth Contact Cooling 
Ken Labs 
Undercurrents 

14. Integrated Heating/Cooling 
and International Overview 
Sergio Los 
School of Architecture/Venice 

15. DOE Program Overview 
Mike Wahlig and Marlo Martin 
LBL 
Kal Turkia 
SSEC 

16. Passive Cooling Working Group 
Don Elmer 

3:1S-3:40pm 

3:40-4:0Spm 

4:0S-4:30pm 

4:30-4:40pm 

4:40-S:0Spm 

S:0S-S:30pm 

S:30-S:SSpm 

S:SS-6:1Spm 

6:1S-6:30pm 
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INTRODUCTION TO THE WORKSHOP 
DONALD ELMER 
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INTRODUCTION TO THE SOLAR COOLING APPLICATIONS WORKSHOP 

This workshop is a joint effo~t of the Passive and 
Architecture and Construction Divisions of the American Section, 
INC. of the International Solar Energy Society. It is being 
supported by funding from the Southern Solar Energy Center, the 
Lawrence Berkeley Laboratory, and the US. Department of Energy. 

The purpose of this workshop is to acquaint the attendees 
with the state of the art in active, hybrid, and passive cooling. 
The workshop will consist of reports from researchers in each of 
the main areas. 

Additional information may be obtained in any of these areas 
by contacting the speakers during the Silver Jubilee Conference, 
or by writing to them at the addresses given at the end of this 
workbook. Some of the speakers will be able to attend the meeting 
of the Passive Cooling Working Group and the meeting of the 
Architecture and Construction Division to be held during the 
Jubilee Conference. 

This workshop is part of a continuing program of activities 
in the field of solar cooling. The Passive Division has approved 
in concept a proposal for an International Passive and Hybrid 
Cooling Conference scheduled to be held in Miami in March of 
1981. This conference is conceived as a part of an overall 
program which includes four workshops during 1981, and workshops 
in the remainder of the overheated states and territories during 
the following year. 

In addition, the Passive Cooling Working Group - an activity 
of the Cooling Committee of the Passive Division - publishes an 
irregular periodical entitled The Passive Cooling Newsletter. The 
US. Department of Energy also periodically issues reports in the 
areas of both active and passive cooling on the progress of 
experimental programs. The Southern Solar Energy Center publishes 
information and is involved in the development of designs and 
design examples for buildings which utilize passive and hybrid 
cooling in hot humid climates. 
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THE COOLING PROBLEM 

The nature of the cooling problem in the United States must 
be understood on many levels simultaneously. Climate is a major 
determinant of the need for cooling. Buildings modulate the 
effect of climate on human beings. Human comfort is the measure 
by which we assess the n~ed for cooling. 

The climatic contribution to the cooling problem itself has 
many parameters, including humidity, direct and diffuse solar 
irradiance, wind, and air temperature. The following map, taken 
from the Climatic Atlas of the United States, illustrates the 
lage area of the us. which has air temperatures of more than 90 
degrees F. for significant periods of the year. Notice that there 
is extreme variability even within otherwise overheated areas, 
with coastal plains and mountain slopes being much cooler than 
their surroundings. The overheated zone may be taken to include 
all of the isoplyths of 60 or more days. 

MEAN MONTHLY NUMBER OF DAYS MAXIIITDI TEMPERATURE 9OOF. AND ABOVE 
EXCEPT 70· F. AND ABOVE IN ALASKA 

FOl" Selectecl Stations 
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The next map, from the same source, illustrates the 
intensity of solar irradiance on an annual average basis across 
the overheated areas. This variable is more constant since local 
conditions do not affect it. The overheated zone may be taken to 
lie within th~ 400 Langley per day isolines. Notice the rough 
correspondence between the preceeding map of hi-gh temperatures 
and total solar irradiance. 

--- MEAN PERCENTAGE OF POSSIBLE SUNSHINE, 
~_ 60 
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The next map, also from the same source, illustrates the 
pattern of mean relative humidity. There are two main pOints to 
be taken from this map. First the pattern of humidity is quite 
different in the desert southwest than anywhere else in the 
country. This climatic zone can be characterized as hot and dry. 
Second, the patterns of humidity in excess of 60% cover most of 
the nation. The detailed monthly data does not show a major 
divergence from the annual pattern. That part of the humid region 
which also falls within the areas with high temperatures and high 
levels of solar irradiance can be characterized as hot and humid. 

';""'~r::::I!!!I!::::=~"'I5a!!!5!!!!!1i""'e::;;:=;:=:::l"""5;;;;;;==;3"""==::=:5I000 Mil., 

SCALE 1: 20.000.000 
AlSERS EQUAL AREA PROJECTION-STANDARD PAAAl.l.EL.S 29\o1l· AND 45Y,r-

--~\ 
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There is a third important fact to note, namely that the 
regions of high humidity which do not fall into the overheated 
zone on an average annual basis often do suffer from overheating 
for part of the summer. Compare the following map of maximum 
temperatures in August with the map of average annual humidity 
levelS from the preceeding page. The eastern seaboard and the 
Great Lakes regions both have periods where high humidity and 
high temperatures coincide. These regions can be characterized as 
temperate regions with some overheating. 

C IJ t. , 0 , 

"01'1. --cAUTI011' SROOLD BI 
USED 1M tJlTtllPOLATnrc; Olf 
ntlS~ (iEH£ltALtzm 1lAP!, 
SHAit9 CKAJl!GI!:5 KAY 0CC't1R 
IN SHORT DISTAlfC&S. P4R_ 
TlCUt.AR1.Y IN MOIJJ(TAllfOUS 
AR&AS, DUI TO DIPTCREHCU 
Itl ALTITtlDI, 31.091 or 
t.A1fD. 1TPE 0,. SOIL, 
V!OtTATtV& COVER, BODla 
0' .ATItIt, AIR ORAJNAOI, 
URBAN R!AT 1nt:CTS. ETC. 
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This climatic information tells us that the outside 
conditions in the overheated regions are hot and humid with lots 
of sunshine. This information must be related to thermal comfort 
for human beings. While human beings are not the only 
economically important occupants of buildings - cows, pigs, ~ 
chickens all occupy structures and display a sensitivity to heat 
and humidity as evidenced in milk and egg production and weight ~ 
gain - they are the subject of this workshop. Innovative work is 
being done on agricultural applications of cooling technology and 
designs. 

Human comfort is a function of many variables; including the 
rate of air flow over the skin, the mean radiant temperatures of 
the interior surfaces, the humidity levels of the air, the air 
temperature, the amount and style of clothing, and the level of 
activity. Several well defined outlines of the coincident 
conditions necessary for human comfort have been developed by the 
Olgyay brothers, Givoni, Threlkeld, Fanger, ASHRAE and others. 

In general the conditions during the summer months within 
the overheated regions are outside of the comfort zones. These 
are exterior conditions. They must be correlated ~o the interior 
conditions found within a wide variety of structures which are 
located within these zones. This is no simple task. The 
environment contributes to the interior comfort conditions 
through air temperature, solar irradiance, thermal radiation, 
humidity, and air flow. The operation of equipment and appliances 
and the activity of people within the structure also contribute 
to the interior comfort conditions. 

The ratio of contribution between these two sources varies 
from climate to climate, from building style to building style, 
and across the range of building scales. Small scale buildings, 
residences for instance, tend to be dominated by the external 
conditions to a large degree. Large scale commercial structures 
are much more controlled by the internal load generation and 
often must run their cooling systems during winter months to move 
internal heat outside. 
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In general, the following things tend to be true about 
overheating and buildings: 

1. Temperature differences between hot environments 
and comfort conditions are usually less than 40 
degrees F., as compared to wintertime differences 
of greater than 60 degrees in severe climates; 

2. Infiltration due to thermal differences is less 
important than wind driven infiltration which 
contributes to both heat and humidity problems 
within the structure; 

3. Solar irradiance is a major source of interior 
overheating and contributes much of its load 
through the roof and west wall in small scale 
structures, and through the south and west walls 
of large scale structures; 

4. Solar irradiance also contributes to the internal 
load through windows, which not only pass the 
visible radiation but also form an interior 
surface with a high mean radiant temperature 
due to high outside air temperatures; 

5. Day and night temperature swings which allow 
buildings to cool off overnight are useful 1 in 
dry conditions and non existent in humid ones; 

6. Infared radiation from the site contributes an 
unknown amount to the interior heat load, and 
is a large problem in the urban setting; 

7. Internally generated heat and humidity is 
critical in all scales of structures. 
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THE COOLING APPROACHESiACTIVE. PASSIVE AND HYBRID 

The various classes of cooling approaches - active, hybrid, 
and passive - aim at removing heat from the interior environment 
to the exterior environment. Active systems are capable of 
imitating conventional vapor compression air conditioners and 
pushing heat from the interior to outside even when the outside 
air temperatures are relatively high. Passive and hybrid 
techniques and devices rely on the use of natural heat sinks -
that is places which are cooler than interior conditions. 

The chief natural heat sinks are the clear sky, the 
atmosphere, the ground, and bodies of water. These systems will 
be discussed in detail later in the workbook. In general they 
rely on relatively small temperature differences on the order of 
10 to 40 degrees F. The heat sink for active cooling systems is 
generally the atmosphere, though such systems can be configured 
to utilze the earth or water as sinks. 

This is only part of cooling buildings. Heat gain prevention 
is an important technique that should be applied to a building 
whether it will use active, hybrid or passive approaches. Heat 
gain control deals with shading and orientation, with control of 
air flow through the structure, with managment of internal load 
generating devices and activities, and with control of the site 
to reduce incident solar irradiance or infared radiation. These 
techniques are the backbone of indigenous, venacular, and 
regional architecture worldwide. The high mass walls of the adobe 
building of the southwest dampen out the daytime heat flow and 
perform a function analogous to that performed by the verandas 
and awnings of the south. 
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Another major function perfomed by cooling is the removal of 
humidity. In this area, the active cooling system, like the 
mechanical vapor compression system not only cools, but also 
dehumidifies. There are no exact analogs in passive or hybrid 
design, though some innovative work is being done in South 
Carolina on hybrid open cycle desiccant systems. In general the 
passive designer must cope with humidity by increasing air flow, 
reducing air temperature, or lowering the mean radiant 
temperature of the interior walls. This is not allways sufficient 
to move interior conditions into the comfort zone. Consequently, 
various researchers are engaged in developing hybrid 
dehumidification devices and systems, and some builders are 
begining to use very small air conditioning units to dehumidify 
the air in buildings where the other comfort conditions are 
within the comfort zone because of the effects of proper passive 
design. 

The achievement of human comfort in real buildings must 
account for all of the factors which have been listed, and many 
more besides. Regional architectural and construction practices 
vary, regional climate and site microclimate conditions vary, use 
patterns vary and no device or system will be able to meet every 
need. This was the unfullfillable promise of mechanical vapor 
compression air conditioning. Solar cooling must, of necessity, 
be more subtle and various. 
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ACTIVE COOLING 
RANKINE SYSTEMS 

STEVE SCARBOROUGH 



PREVIEW REPORT ON 

SOLAR-POWERED HEATING AND COOLING 

OPERATIONAL TEST SITE NO. 46 AT 

LENNOX INDUSTRIES INCORPORATED, 

CARROLLTON, TEXAS 

Authors: 

Steven E. Scarborough, Honeywell Inc., Minneapolis, MN 55413 

Wm. D. Batton, P.E., Barber N~chols Engineering Company, 
Arvada, CO 80002 

Bill Dollars, Lennox Industries Incorporated, 
Carrollton, TX 76005 

I. INTRODUCTION 

This report is an overview of the solar-powered space heating and 

cooling system recently installed at the Lennox Industries In

corporated equipment research and development facility in 

Carrollton, Texas. Located in a suburb of Dallas, this site is 

identified as OTS-46 in the NASA/Honeywell "404" program opera

tional test site listing. 

The solar system is installed adjacent to a warehouse-type com

mercial building owned,and operated by Lennox and provides solar

derived heating and up to 50 tons of solar-derived cooling to 

existing roof-mounted HVAC units. In addition to the heating and 

~, cooling functions, the system can generate electrical power and 

includes a thermal storage subsystem that augments heating mode 

operation. Cooling is accomplished through use of two 25-ton 

Rankine engine-assisted water chillers. 
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Included in this preview report is a discussion of the overall 

program background and descriptions of the system, the operation

al test site and the solar system/site interface. The solar heat

ing and cooling system is presented in terms of equipment compo

sition and subsystem operation. Results of tradeoff analyses and 

system performance data are presented. 

II. BACKGROUND 

In July of 1976, Honeywell Energy Resources Center (Minneapolis, 

Minnesota) entered into a contract agreement with NASA's Marshall 

Space Flight Center to design and develop solar-powered building 

space heating and cooling systems. This ongoing engineering field 

test effort is known as the "404" program. The objectives of the 

program are the development and fielding of solar heating and 

cooling systems that (1) have ef£icient performance capabilities, 

(2) are low in cost, and (3) are modular in composition to enhance 

application. 

Honeywell is the prime contractor for the program team. Barber

Nichols Engineering of Denver, Colorado, and Lennox Industries of 

Marshalltown, Iowa, are subcontractors. Honeywell is responsible 

for the solar system design, overall program management and sub

contractor coordination. Barber-Nichols and Lennox are working 

as a team to develop solar-powered Rankine engine/air conditioner 

subsystems. Lennox Industries is supplying HVAC products suit

able for application in the system, including their production 

flat plate solar collector. 
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The contract calls for delivery of the following systems: 

QUANTITY SIZE TYPE APPLICATION 

2 3 TONS HEATING RESIDENTIAL 

2 3 TONS HEATING AND COOLING RESIDENTIAL 

1 25 TONS HEATING AND COOLING MULTIFAMILY 

1 25 TONS HEATING AND COOLING COMMERCIAL 

2 50 TONS HEATING AND COOLING COMMERCIAL 

The two residential heating systems, the 25-ton multifamily heat

ing and cooling system, and the Carrollton 50-ton commercial 

heating and cooling system (described in this report) are oper

ational. The 25-ton commercial heating and cooling system is 

under construction, and the remaining systems are in various 

stages of design or site selection. 

Development tasks under the program include: (1) fully qualify-

ing the Lennox collector to the Interim Performance Criteria; 

(2) development of a residential energy transport module that in

cludes all pumps, heat exchanger, controls and hydronic special

ties; (3) development of a high-performance, low-cost heat ex

changer; and (4) development of low-cost collector support struc

tures and headers. In the Rankine cooling subsystem technical 

areas, the major development efforts are directed toward a nomi

nal 3-ton Rankine engine-assisted direct expansion air conditioner 

with evaporative cooling and a 25-ton Rankine engine-assisted 

water chiller. Both units have undergone development testing, 

have passed final checkout tests and have been shipped either to 

application sites or to storage. The 3-ton unit is in the compo

nent design and testing stage. 
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The Carrollton/OTS-46 installation is the responsibility 6f 

Lennox via a NASA/Lennox contractual agreement. 

III. SYSTE1'DESCRIPTION 

The Carrollton/OTS-46 commercial installation is a single-loop, 

two-pipe solar-powered hydronic heating and cooling system in

corporating a separate water-based thermal storage loop to aug

ment operation of the heating mode. 

The overall system is either in a heating mode, a cooling mode, 

or an electrical power generating mode as determined by load de

mand. Automatic switchover provisions in the system logic con

trol the active mode. Central heating is supplied by either 

direct solar or stored thermal energy. Central cooling is pro

duced by two 25-ton capacity solar-powered, Rankine engine

assisted water chillers, each of which employs an auxiliary elec

tric motor for primary power. Both of these high-efficiency (90 

percent) electric motors also function as electrical power gener

ators to convert excess collected thermal energy to electricity, 

which is provided to the power grid. One 25-ton Rankine engine 

employs a clutch to disengage the compressor, providing pure 

generation capability. 

The arrangement of components within the system is shown in Fig

ure 1. The system consists of a water/glycol collector loop that 

interfaces with a water storage loop through a tube-and-shell heat 

exchanger. The water/glycol loop consists of the solar collectors, 

the tube side of the storage heat exchanger, the shell side of the 

heating heat exchanger,-pump PI' the Rankine engine boilers, the 

waste heat purge coil, and three control valves required for 
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the different modes of operation. The thermal storage water loop 

consists of the storage tank, pump P2' the shell side of the 

storage heat exchanger, and two control valves. 

Within the three major modes of system operation (heating, cooling, 

electrical generation) i 14 discrete submodes of operation are 

possible and are detailed in Section VI, Operational Modes. 

Table 1 contains a summary of parameters describing the Carrollton/ 

OTS-46 system in terms of physical, performance and operating 

characteristics and conditions. 

IV. SYSTEM/SITE INTERFACE 

Carrollton/OTS-46 is a solar-powered heating and cooling system 

applied to a commercial building owned and operated by Lennox 

Industries. The building functions as an HVAC equipment research 

and development facility and houses both office space for the 

plant staff and laboratory space for the HVAC handling and test

ing equipment. Both conventional HVAC and solar components are 

routinely tested at this facility. 

Solar heating and cooling will service only the laboratory space 

located in the south end of the building and will be provided 

using four of the existing 32 rooftop-mounted, 20-ton, single

coil HVAC units (Figure 2). Each of the four rooftop units is 

individually supplied by the solar system through parallel piping 

interconnections. 

Within each rooftop unit, the solar-supplied piping loop is ar

ranged in series with the in-place conventional HVAC loop and 
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Table 1.. Carrollton/OTS-46 Description 

. COLLECTOR TYPE 

MANUFACTURER 

QUANTITY IN ARRAY 

ACTIVE ARRAY AREA 

ARRAY ORIENTATION 

STORAGE TANK VOLUME 

COLLECTOR FLUID 

RANKINE ENGINE FLUID 

CHILLER WORKING FLUID 

COLLECTOR TEMPERATURE RANGE 

RANKINE INLET TEMPERATURE 

CONDENSING TEMPERATURE 

RANKINE EFFIC!ENCY 

RANKINE POWER OUTPUT 

CHILLER WATER TEMPERATURE 

COOLING FROM SOLAR 

HEATING FROM SOLAR 

SOLAR CONTRIBUTION - COOLING 

SOLAR CONTRIBUTION - HEATING 

NET ELECTRIC OUTPUT 

PHYSICAL 

FIXED FLAT PLATE 

LENNOX, INCORPORATED 

432 COLLECTORS 

6480 SQUARE FEET 

DUE SOUTH, 20-DEGREE TILT 

6000 GALLONS 

25 PERCENT ETHYLENE GLYCOL IN WATER 

R-1l3 

R-12 

PERFORMANCE 

95°F - 215°F (OPERATING) 

195°F (DESIGN POINT) 

85°F 

8 PERCENT (DESIGN POINT) 

20 HP (FOR EACH OF TWO ENGINES) 
AT DESIGN POINT CONDITIONS 

29 HP (EACH AT MAXIMUM CONDITIONS) 

45°F 

185 X 10 6 BTU 

199 X 10 6 BTU 

35 PERCENT 

81 PERCENT 

8740 KWH 

, .. , 

.. 
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provides 100 percent of required space heating and a maximum of 

50 tons of space cooling. 

A separate solar-powered system providing domestic hot water pre

heating may be installed on the ·roof of the building at a later 

date to service the relatively low hot water demand. 

Figure 3 shows the relative layout of the building, collector 

array, and mechanical equipment building. 

The collectors are arranged in four rows, 54 collectors wide by 

two high, and point due south. The collector array, mechanical 

equipment building and laboratory building base are all at approx

imately the same elevation. The active fixed flat plate solar 

collector area is 6,480 square feet, a size selected from results 

of detailed system performance simulation analyses that considered 

collector areas as large as 10,000 square feet. The final size 

and configuration for the collector array was determined based 

upon economic considerations. 

The mechanical equipment building houses two 25-ton Rankine engine

driven water chillers, an insulated 6,000-gallon water storage 

tank, the cooling water sump, and required hydronic and control

related components. Located outside adjacent to the equipment 

building are the 55-ton wet cooling tower and the waste heat 

purge unit. 

An integrally poured sump was installed as a continuation of the 

concrete foundation to reduce the elevation lift requirements of 

the cooling tower support structure. This sump is drained dur

ing the heating season. Pitch angle control on all piping runs 

assures complete drainage of the entire condenser system. 
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All exterior piping is insulated, with the piping between the 

buildings buried for both protection and aesthetic reasons. With

in the laboratory building, the piping rises vertically to the

ceiling, running along it to chases that penetrate the roof struc

ture adjacent to the affected HVAC units. 

The four rooftop units were modified to better match the output 

capacity of the solar-powered system: 

• A new combined heating and cooling coil was added to 

each unit for series operation with the existing DX 

coil (Figure 4). 

• A damper was also installed in each unit to proportion

ally direct a fixed airflow across each new coil. 

The existing DX coil provides backup cooling if the solar system 

is nonoperational. 

• DX • 

• DX • ~ 01 

EXISTING NEW 

Figure 4. New Hot Water/Cold Water Coil 
Added to Existing Rooftop Unit 

.. 

.. 

,I/' 

1" 
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v. SUBSYSTEM OPERATION 

Three primary functions are provided by the installed solar system: 

• Heating, 

• Cooling, 

• Electrical power generation. 

Heating Subsystem Operation 

When solar energy is available and heating is simultaneously re

quired by all four rooftop units, the collectors are used to 

supply heat directly to the system. Pump PI (Figure 1) provides 

the heat transfer fluid movement in the collector loop to the 

heating heat exchanger. Pump P 3 delivers heated water to the 

rooftop units from the heating heat exchanger. 

During periods of high solar radiation and low heating demand, 

both the heating and thermal storage loops operate simultaneously. 

The storage charge pump P 2 charges the storage tank by removing 

water from the bottom, circulating it through the storage heat 

exchanger and returning it to the center of the storage tank. 

This both takes advantage of, and promotes, thermal stratification 

in the storage tank. During periods of high solar radiation and 

low heating demand, and with the storage tank fully charged, the 

Rankine-powered electrical generation mode will be activated using 

Rankine unit number 2 only. 

Further excess energy will be dissipated by the waste heat purge 

unit when a protective overtemperature sensing device trips. 
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Operation of the purge unit will continue until the collector 

loop temperature is lowered to a. preselected value. 

When solar energy is not available and heating is required, ther

mal energy contained in the storage tank supplies heat to the 

system through the storage heat exchanger. Pump PI drives the 

collector loop, which now bypasses the solar collector field. 

Pump P2 extracts heat from the top of the storage tank and returns 

it to the center, again taking advantage of any existing thermal 

stratification. If the storage tank temperature is not high 

enough to supply heating, the heating load cannot be satisfied 

by the solar system. No auxiliary heating system is provided. 

Cooling Subsystem Operation 

When cooling is required by any of the four rooftop units, pump P3 
is turned on and the water chillers are driven conventionally 

with the electric motor to meet the load requirements. Each 

chiller has unloading capability and operates at either 50 percent 

or 100 percent capacity. 

When solar energy is available and cooling is required by anyone 

of the four rooftop units, the collectors supply heat directly to 

the Rankine engine boilers. Pump PI provides the heat transfer 

fluid movement. Each of the two Rankine engines provides shaft 

horsepower to assist the electric motors. When the cooling demand 

is satisfied, pump P 3 is shut down and the system changes to the 

electrical generation mode. During periods of high solar isolation 

and low cooling demand, simultaneous cooling and electrical gen

eration is available from both units. 
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Electrical Generation Subsystem Operation 

Rankine unit number 2 is equipped with an electrically operated 

clutch positioned between the auxiliary electrical motor and the 

water chiller, which it normally drives when in operation. When 

this clutch is open, the Rankine engine is able to drive the 

motor in an overspeed condition, which causes the high-efficiency 

motor to function effectively as a generator. Such use back feeds 

power to the electrical distribution system and provides power 

to the grid. 

Rankine engine-powered electrical generation can occur during 

three normally anticipated conditions. First, if the system is 

in summertime service and no heating or cooling load demand exists, 

available solar energy will be used to generate electrical energy. 

Second, if summertime service is such that the cooling load de

mand can be satisfied by the output of just one chiller, and solar 

input is sufficient to operate both Rankine units, Rankine unit 

number 2 will be used in the electrical generation mode. Finally, 

if the system is in wintertime service, and heating load demand 

is able to be satisfied and thermal storage is fully charged, 

available excess solar energy--if sufficient to power one Rankine 

unit--will be used to generate electrical energy. 

At all times during any mode of system operation, the purge unit 

is available to reject excess heat to the ambient environment as 

a positive means to protect against overtemperature conditions 

in the collector fluid loop. 
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VI. OPERATIONAL MODES 

Within the three major system operating modes (heating, cooling, 

electrical generation), 14 discrete submodes of operation are 

possible and are detailed as follows: 

1. Direct Heating--Heating using thermal energy available 

directly from the solar collector field. 

2. Storage Charging--Charging the thermal storage tank using 

thermal energy available from the solar collector field. 

3. Heating and Storage Charging--Simultaneously heating and 

charging the thermal storage tank using thermal energy 

available from· the solar collector field. 

4. Heating From Storage--Heatingusing thermal energy previ

ously stored in the thermal storage tank. 

5. Heating and Generating--Simultaneously heating and gener

ating electrical power using thermal energy available from 

the solar collector field. 

6. Electrical Generation/Unit 2--Generating electrical power 

using the solar-powered Rankine engine on unit 2 to drive 

the auxiliary electric motor as a generator. 

7. Auxiliary-Powered Cooling/Unit l--Supplying chilled water ~ 

from unit 1 using the auxiliary electric motor for drive 

power. 
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8. Auxiliary-Powered Cooling/Units 1 and 2--Supplying chilled 

water from units 1 and 2 using the auxiliary electric 

motors for drive power. 

9. Solar-Assisted Cooling/Unit I--Supplying chilled water 

from unit 1 using the solar-powered Rankine engine to down

load the drive power required from the auxiliary electric 

motor. 

10. Solar-Assisted Cooling/Units 1 and 2--Supplying chilled 

water from units 1 and 2 using the solar-powered Rankine 

engines to download the drive power required from the 

auxiliary electric motors. 

11. Solar-Assisted Cooling/Unit 1 and Auxiliary-Powered Cooling/ 

Unit 2--Supplying chilled water from unit 1 using the solar

powered Rankine engine to download the drive power required 

from the unit 1 auxiliary electric motor and supplying 

chilled water from unit 2 using the unit 2 auxiliary elec

tric motor for drive power. 

12. Solar-Assisted Cooling/Unit 1 and Electrical Generation/ 

Unit 2--Supplying chilled water from unit 1 using the solar

powered Rankine engine to download the drive power required 

from the unit 1 auxiliary electric motor and generating 

electrical power using the solar-powered Rankine engine on 

unit 2 to drive the auxiliary electric motor as a generator. 

13. Excess Heat Purge--Operating the purge unit to reject excess 

heat to the ambient to protect against overtemperature 

conditions in the collector fluid loop. 
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14. Storage Freeze Protection--Operating the thermal storage 

fluid loop to protect it from effects of near-freezing 

ambient conditions. 

An operational mode matrix of pertinent equipment status for each 

submode is shown in Table 2. The pump, Rankine water chiller, 

Rankine engine, valve and purge fan nomenclature of the table 

references the system schematic of Figure 1. 

VII. SITE DATA ACQUISITION SYSTEM 

A comprehensive data acquisition system is supplied by NASA to 

provide data for up to two years of system operation. The data 

system is designed by IBM and features a centralized computer 

located in Huntsville, Alabama, which reads and records data ap

proximately every 5 minutes. A pyranometer measures solar flux 

incident on the collectors. A series of temperature sensors and 

flow meters are used to measure energy transfer through the system. 

Wattmeters are assigned to each pump and fan motor. 

VIII. COMPONENT SELECTION 

Tradeoff analyses of system parameters were performed to assist in 

sizing and estimating the performance of the required components. 

Computer simulations for the Carrollton/OTS-46 site provided the 

basis for performance estimates that aff~ct system sizing. The 

following parameters were studied: 

• Storage tank volume, 

• Collector area and tilt, 

• Operating set points, 

• Storage heat exchanger size. 

.. 
" 
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The building load model was developed and patterned according 

to the ASHRAE Handbook of Fundamentals. Hand Calculations in

dicate that the ~esign cooling load is 50 tons. The load data 

was integrated into the 50-ton Rankine engine cooling simulation 

program and was used to analyze system performance. 

Storage Tank Volume Selection 

The results of storage tank volume tradeoffs are shown in Figure . 

5. Within the range of storage volumes studied, cooling perform

ance was not significantly affected, while the influence was more 

noticeable on the heating performance. 

A 6,000-gallon tank was selected for this application and was 

fabricated from all-welded 3/8-inch steel with dished heads. 

Support is provided by steel saddles. The tank has threaded out

lets for piping and sensors and is fitted with other required 

openings, including an accesS manhole. Exterior surface finish 

specifications included sandblasting, followed by priming with 

zinc-chromate spray. The tank, as delivered, had a lightly sand

blasted interior with all connections extending inside at least 

3/4 inch. Pre-Krete C-17 corrosion-resistant lining was applied 

per the manufacturer's specification to about S/8-inch thickness 

and was cured before the tank was used. 

The tank is housed inside the mechanical equipment building, a 

relatively low-cost structure that was sized large enough to 

accommodate the tank and its insulated enclosure. The plywood 

enclosure was built around the storage tank and filled with 

poured insulation to a level 10 inches above the tank access 

manhole. The minimum insulation thickness is 4 inches on the 
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tank sides and increases to approximately 2 feet in each of 

the four quadrants surrounding the tank. The resultant heat loss 

from the insulated tank is negligible compared to its thermal 

capacity. 

Collector Area and Tilt Selection 

The effect upon the solar contribution for heating and cooling 

caused by varying the collector area can be seen in Figure 6. 

The baseline collector area of 7,776 square feet is indicated. 

The solar contribution increases with collector area. However, 

cost, geographical and physical constraints have made 7,776 

square feet of collector area the most reasonable compromise. 

The collector tilt of 20 0 from horizontal was chosen to improve 

cooling performance while not appreciably degrading heating per

formance. 

The collector field consists of eight arrays, each 27 modules 

long stacked two modules high. The collector loop design flow 

rate is 120 gpm of 25 percent aqueous ethylene glycol (0.56 gpm/ 

module). These design conditions were constrained by: (1) a nom

inal 1-1/2-inch header; (2) a reverse-return (z-flow) arrange

ment; (3) less than 10 percent flow reduction from nominal flow 

in any collector module (0.50 gpm/module minimum); and (4) 

approximately 0.50 psi nominal pressure drop across collector 

modules. 

The total pressure drop across the collector array as predicted 

by computer simulation is 0.64 psi. This corresponds to a 3.6:1 

pressure drop ratio between the flow headers and falls into the 

desired range (3 to 4) for elimination of excessive flow varia

tion in the manifolds. Predictions show a -6.0 to +12 percent 

flow variation range across the array with respect to nominal 

flow. By selecting a reverse-return flow scheme over the 
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direct-return method, a header configuration one size smaller 

was obtained. With 1,296 linear feet of header piping required, 

a substantial savings in material and installation costs was 

realized . 

The collector support structure is a prefabricated system featur

ing bolt-together members. Figure 7 shows the Carrollton assem

bly cross-section at a 20-degree tilt angle. Prefabricated 

headers and covers are installed on the top and bottom of the 

assembly. The headers are supplied as 9-foot lengths with in

sulation and silicone hose collector connections already in 

place. The silicone hoses are clamped to the collector fittings 

as shown in Figure 8. Connections between collectors are made 

in a similar way. The entire array layout was designed to re

duce material and installation costs to the minimum attainable 

consistent with performance and reliability requirements. 

Operating Set Point 

The heating set point was selected such that solar heating can 

occur only if 9SoF minimum temperature water is entering the 

solar coil. This assures that solar energy will be used to meet 

some portion of the load demand whenever possible. 

The cooling set point was selected as lSOoF and is the minimum 

temperature sensed at the Rankine engine that will cause the 

Rankine engine to operate. At this temperature, each Rankine 

engine output is 3.2 hp. This is also the estimate for parasit

ic power. The set point at lSOoF is then the best reasonable 

minimum operating temperature. 
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Figure 7. Support Assembly Cross-Section 
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Storage Heat Exchanger Size 

The storage subsystem heat exchanger was sized to meet the most 

demanding energy transfer conditions required when cooling from 

storage. Figure 9 shows the energy input requirements for the 

Rankine engine as a function of approach temperature and indi

cates the conditions used to size the storage heat exchanger. 

At present the Cool From Storage mode of operation is not ex

ercised. However, the heat exchanger selected was sized based 

on this mode and therefore is slightly oversized for the other 

modes of operation. The rationale for this decision follows: 

• The cost and size differential between alternate ex

changers is small relative to an exchanger based on 

the Charge Storage mode. 

• The option to Cool From Storage effectively remains as 

~ future alternative. 

• An oversized heat exchanger reduces the time spent in 

the purge mode since heat transfer from the collector 

loop to the storage tank loop can occur over a smaller 

temperature differential. 
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The tube side of the heat exchanger is in the collector loop. 

The lower pressure drop allows selection of a smaller collector 

loop pump. The storage loop can accommodate the larger shell

side pressure drop without increased pump size. 

Pump Sizing 

Table 3 contains mechanical descriptions for each of the seven 

pumps required for system operation. 

~ . 

~ 
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Table 3. 

UNIT RATED CONNECTIONS 
NO. SYSTEM LOCATION GPM HEJ\D FT SUCTION DISCHARGE 

Pl COLLECTOR MECIIANICAL 120 45 2-1/2- 2-INCII 
LOOP BUILDING INCH SCREWED 

FLANGED 

P2 STORAGE MECHANICAL 120 22 2-1/2- 2-INCH 
LOOP BUILDING INCII SCREWED 

FLANGED 

P3 H/C LOOP MECHANICAL 120 60 2-1/2- 2-INCII 
BUILDING INCH SCREWED 

FLANGED 

P4 RC NO. 2 MECHANICAL 70 26 2-INCII 
COOLING BUILDING FLANGED 
WATER 

P5 RE NO. 2 MECHANICAL 100 28 2-INCH 
COOLING BUILDING FLANGED 
WATER 

P6 RC No. 1 MECHANICAL 70 26 2-INCH 
COOLING BUILDING FLANGED 
WATER 

P7 RE No. 1 MECHANICAL 100 28 2-INCH 
COOLING BUILDING FLANGED 
WATER 

------

Pump Schedule 

MOTOR 
liP RPM VENDOR PART NO. 

3 1750 PACO L2070-5 

1 1750 PACO L2070-5 

3 1750 PACO L2095-1 

1 1750 WELL NO. 2-
150114-
1 

1- 1750 WELL NO. 2-
1/2 1501A-

1-1/2 

1 1750 WELL NO. 2-
150114-
1 

1- 1750 WELL NO. 2-
1/2 150114-

1-1/2 

TYPE 

END SUCTION 
CENTRIFUGAL, 
CLOSE-
COUPLED 

END SUCTION 
CENTRIFUGAL, 
CLOSE-
COUPLED 

END SUCTION 
CENTRIFUGAL, 
CLOSE-
COUPLED 

SUBMERSIBLE 

SUBMERSIBLE 

SUBMERSIBLE 

SUBMERSIBLE 

.. " 

REMARKS 

25 PERCENT ETHYLENE GLYCOL; 
460/60/3~; CLOSE-COUPLED, 
BRONZE FITTED; CAST IRON 
BASE-MOUNTED. 

WATER; 460/60/3P; CLOSE-
COUPLED, BRONZE FITTED; 
CAST IRON BASE-MOUNTED. 

25 PERCENT ETHYLENE GLYCOL; 
460/60/3~; CLOSE-COUPLED, 
BRONZE FITTED; CAST IRON 
BASE-MOUNTED. 

WATER; 460/60/3P; 15 FOOT 
POWER CABLE. 

WATER; 460/60/3~; 15 FOOT 
POWER CABLE 

WATER; 460/60/3~; 15 FOOT 
POWER CABLE 

WATER; 460/60/3P; 15 FOOT 
POWER CABLE 

N 
---J 
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Rankine Engine-Assisted Water Chiller 

The Carrollton/OTS-46 solar system installation utilizes two 

nearly identically configured 25-ton Rankine engine-assisted 

water chillers. The only difference between the two units is the 

inclusion on Rankine unit 2 of an electrically operated clutch 

positioned between the auxiliary electric motor and the water 

chiller. When actuated, the clutch disconnects the water chiller 

from the drive shaft assembly and enables all Rankine engine out

put shaft power to be input solely to the electric motor, which 

then functions as an electrical generator. 

The two Rankine engines are parallel plumbed to the solar-heated 

fluid loop (Figure 1). The water chiller outputs are series 

plumbed, with unit 1 providing additional chilling to the unit 2 

output when unit 2 is operating. 

The discussion that follows describes one 25-ton unit in detail. 

Rankine-Chiller Subsystem--The subsystem is composed of a vapor 

compression water chiller driven by a solar-powered Rankine engine. 

The Rankine engine couples to the chiller compressor through a 

double-shafted electric motor that furnishes power for cooling 

when there is insufficient solar energy and also serves as an 

electrical generator when there is ample solar energy with minimal 

cooling requirements. 

The schematic for the cooling subsystem is shown in Figure 10. 

The Rankine engine cycle is similar to--but the reverse of-

the vapor compression cycle. Both cycles for this installation 
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use halogenated refrigerants as the working fluids, R-113 for 

the Rankine cycle and R-12 for the chiller cycle. 

The operation of the Rankine engine can be traced by referring 

to Figure 11. Starting at the turbine stop valve, the high

pressure, high-temperature working flu~d enters the turbine as 

a vapor. There it expands through nozzles and is accelerated to 

a high veloc~ty. It then passes through the turbine wheel, where 

the fluid energy is given up to the high-speed wheel. This ener

gy, in turn, is transmitted through the gearbox to reduce the 

speed to that suitable for the electric motor and the chiller 

compressor. The working fluid (still a vapor) exhausted from 

the turbine rotor still contains excess energy, so the fluid is 

directed into a he~t exchanger called the regenerator. The other 

side of this regenerator contains the working fluid going to the 

boiler. Thus, the regenerator simply passes energy from one part 

of the cycle to another, improving the efficiency of the cycle. 

After.the vapor has given up some energy in the regenerator, 

it goes on to the condenser where it is cooled and converted 

to a liquid. This is accomplished by giving up heat to the cool

ing water furnished by a cooling tower. The saturated liquid 

leaves the condenser, where it is first pumped by the boost pump 

to produce enough heat to lift the fluid to the feed pump with 

enough pressure to prevent cavitation. The feed pump then in

creases the pressure enough to overcome system losses and still 

supply proper pressure at the turbine inlet. The compressed 

liquid then flows to the liquid side of the regenerator, where 

it receives the energy from the turbine exhaust. It then enters 

the boiler, where it receives heat from the solar fluid. This 

energy converts it to a high-pressure, high-temperature fluid 

ready to go into the turbine. 

0'" 
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The vapor compression cycle is very similar, in reverse. 

Starting at the electric motor, the power from the Rankine engine 

is transmitted along the shaft to the compressor. This power com

presses the low-pressure, low-temperature, vapor working fluid 

into a high-pressure, high-temperature vapor. It then passes 

into the condenser, where heat is given up to the cooling water, 

again supplied by the cooling tower but with a separate piping 

loop and pump than in the Rankine engine. The condenser converts 

the working fluid from a vapor to a liquid. This liquid then 

passes through a liquid-to-suction heat exchanger, which takes 

some additional energy from the liquid. This energy is trans

ferred to the vapor entering the compressor and, similar to the 

regenerator, serves to improve the cycle. 

The subcooled liquid then enters the thermal expansion valve, 

which reduces the pressure and causes part of the liquid to flash 

to a vapor. This expansion also causes the temperature to drop 

dramatically. The cold liquid-vapor mixture enters the chiller, 

where heat is picked up from the chilled fluid. This causes the 

working fluid to evaporate until it is a slightly superheated 

vapor. The amount of superheat is controlled by the thermal 

expansion valve and by the amount of refrigeration admitted to 

the chiller. The cold vapor then enters the liquid-to-suction 

heat exchanger, where it receives energy, subcooling the conden

ser liquid and furnishing additional superheat to the compressor 

suction feed. 

Controls--The control scheme operates as a normal water 

chiller with only slight modifications added due to the Rankine 

engine. When cooling is required, the chilled-fluid pump comes 

on. If the chilled fluid is above a certain set point, the con

denser water pump turns on, and then the electric motor starts the 
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compressor. The compressor has two steps of unloading (full, 

halt) that are controlled by the chiller fluid return tempera

ture. With the chiller operating, the solar fluid loop analyzes 

the energy being received by the collector array. If there is 

sufficient hot solar fluid the Rankine engine is started and" 

will supply available power to drive the compressor. In the case 

of excess power, the motor generates electrical power, which is 

backfed into the system electrical supply. In addition to these 

controls, there are the usual safety controls and interlocks 

associated with this type of equipment. 

The physical layout is shown in Figure 11. The unit is 12 feet 

long, 6.5 feet wide, and 7.0 feet high. It weighs about 9,500 

pounds. Interface with the rest of the system is through the 

piping to the chiller, both condensers, and the Rankine engine 

boiler. Additionally, electrical power to the motor and some 

control wiring are required. 

Rankine Engine--The components for the Rankine engine were 

selected from off-the-shelf components whenever possible. Most 

of these components are operated at off-design conditions. Ori

ginally designed components include the turbine, gearbox, feed 

pump, regenerator, and demister. 

The working fluid, R-113, was chosen because it produced max-

.. 

imum cycle efficiency and permitted the use .of reasonably sized ~ 

equipment. The turbine is a radial inflow, running at a speed 

of 24,000 rpm. The gearbox is a double-reduction, helical-gear • 

set, reducing the speed to 1,200 rpm (electric motor speed). 

The intermediate shaft in the gearbox drives the feed pump. The 

boost pump for the system is a modified hydronic heating circu

lation pump. 
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The heat exchangers, with the exception of the regenerator, are 

all off-the-shelf. The condenser is a four-pass refrigeration 

condenser with the addition of a hot well to collect the conden

sate. The preheater is a once-through tube in shell, with the 

working fluid on the shell side. The boiler is a refrigeration 

direct-expansion, once-through evaporator (chiller). 

The regenerator was built using a core of fine-tube construction 

supplied by a vendor and encased in a shell designed and built 

for the application. All heat exchangers were very carefully 

selected to minimize the pumping ,power required on the water 

sides and to maximize the heat transferred. In all cases, the 

design points fell off the normal design charts of the various 

manufacturers because of small temperature differences. 

Chiller--The design criteria for the air conditioning sub

system required off-the-shelf components to be used. The goal 

was to obtain a compressor coefficient of performance (COP) of 

6.0 at the shaft for 25 tons of cooling using asop condenser water 

temperature. This COP requires a system be designed to a com

pression ratio of approximately 2.2 with a 20-hp electric motor 

with an efficiency of 90 percent. The maximum evaporating tem

perature was essentially established at 42 0 p because chilled 

fluid at the terminal equipment had to be cold enough to provide 

a respectable, latent, sensible cooling ratio. This dictated 

- a condensing temperature of 9SoP to achieve the design compres

sion ratio. Preedom of design in the cooling subsystem was re-

stricted somewhat by the tradeoff of fluid pumping power for both 

evaporator and condenser to maintain a high overall system 

efficiency. Only open-type compressors were considered because 

of the interface between the Rankine engine and auxiliary elec

tric motor. Published compressor data produced by all the 
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major manufacturers were investigated. A nominal 30-ton Trane 

compressor was chosen because it could be directly coupled to 

the auxiliary motor for operation at synchronous motor speeds. 

Actual performance was less than anticipated, with the efficiency 

only slightly better than 65 percent (COP of 5.3). General 

Electric manufactures the high-efficiency, three-phase 20-hp 

motor with a 1.15 service factor. 

Both R22 and R12 refrigerants were investigated since the theo

retical horsepower of R12 at 40 0 p saturated evaporator tempera

ture is identical to R22. R12 was chosen because it operates at 

much lower pressures than R22, thus placing less strain on the 

system. The heat transfer surfaces were sized to obtain the 

necessary compression ratio consistent with fluid pressure drop, 

parasitic pump power, requirements and costs. The chiller evap

orator was sized for 420 p evaporating temperature, with a 60 p 

temperature difference when circulating 96 gpm of a 25 percent 

ethylene glycol and water solution. 

A two-path condenser was selected to provide a condensing temper

ature of 950 p at 100 gpm water flow rate. Tests cOnfirmed later 

calculations that a flow rate of 75 gpm resulted in a greater de

crease in pumping power than the resulting increase in required 

compressor power even though an increase in condensing tempera

tur~ to 970 p was experienced. Since R12 was chosen as the re

frigerant, a liquid suction-line interchanger was employed to 

increase the liquid Subcooling and assure that only superheated 

gas would return to the compressor. There was an increase in 

system capacity of approximately 1.5 percent due to the heat 

interchanger. 

• 



3S 

Performance--The first unit constructed was a development 

unit and as such was put through extensive testing and modifica

tions to achieve the design goals. With the overrunning clutch 

between the Rankine engine gearbox and the electric motor, it was 

~ possible to test the vapor compression chiller independently. 

The e~ectric motor had been calibrated and a wattmeter used to 

monitor power input to the motor. By disconnecting the coupling 

on the electric motor where it connects with the compressor, the 

Rankine engine could be operated alone using the calibrated motor 

as a generator. The test facility furnished metered hot water to 

simulate solar fluid over a wide range of temperatures. Condenser 

cooling water was furnished at various temperatures, and chiller 

water was provided at the desired temperature. The unit was 

tested over a wide range of conditions as a stand-alone chiller, 

a stand-alone Rankine engine, and as a combined solar-powered 

water chiller. 

Figure 12 shows the maximum chiller capacity (four cylinders 

loaded) for various condensing water temperatures. The design 

point is aSoF water,which provides a 24-ton cooling output. 

Figure 13 shows the maximum subsystem performance including the 

results of the Rankine engine assist. By knowing the cooling 

water temperature and the solar fluid temperature into the boiler, 

the electric power required can be determined. At the design 

point (aSoF cooling water and 19SoFsolar fluid), 0 kilowatts of 

electricity is required to provide 24 tons of cooling. At 70 0 F 

cooling water and 202°F solar water conditions, 26.5 tons of 

cooling and S kilowatts of electricity are provided to the 

system. At 90 0 F cooling water and l700 F solar water conditions, 

22.S tons of cooling is provided and 10 kilowatts of electricity 

is required. 
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A summary of system performance projections is shown in Table 4. 

Simulation-derived estimates are provided for annual system op

eration in both the heating and cooling modes. Included is the 

overall combined performance for total system annual operation. 

Data detailing actual performance of the recently installed sys

tem is being recorded now that the system is operational. Data 

reduction is just beginning at the time of preparation of this 

report, and preliminary data is not yet available. 

Table 5 is included for completeness, and details the overall 

performance of the cooling mode for each of the two stages of 

water chiller operation for one Rankine-powered unit. Although 

the water chiller selected for this installation has the basic 

1, 
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capability to unload each of four cylinders independently, as 

installed for this application the cylinders have been wired to 

unload in pairs. Thus Table 5 contains data for two-cylinder 

and four-cylinder water chiller operation . 

SYSTD1 

Table 4. Annual Performance Projections 
for Carrollton/OTS-46 

REQUIRED REQUIRED 
BUILDING SUPPLIED THERHAL BY SOLAR SOLAR BY TOTAL 

OPERATING LOAD BY ~OLAR COP SY~TEM COP SYSTEM 
(10 6 BTU) MODE 

HEATING 

COOLING 

COMBINED 

(10 6 BTU) (10 BTt') (-) (10 BTU) (-) 

247 199 1.2 56 (1) 4.4 71 (2) 

421 581 0.72 48 (3) 8.8 144 (4) 

667 779 0.86 104 6.4 215 

NOTES: 

1. Includes collector loop pump and storage loop pump. 

2. Includes (1) plus chilled water loop circulation pump. 

3. Includes collector loop pump, storage loop pump, Rankine 
parasitic energy, controls, and net auxiliary energy. 

4. Includes (3) plus chilled water loop circulation pump, 
condenser water pumps, and cooling tower fan. 

TOTAL 
SYSTD: 

COP 
(-) 

3.5 

3.0 

3.1 



PUMP 
COOLfNG POWER 
OUTPUT (KW) 

141,700 
UHI/IIOUR 
(TWO-
CYLINDER) 

NO SOLAR 2.38 

RIINK INE 

1500 p 2.38 

RIINKINE 

19Sop 2. )8 

273,600 
(I'('U/IIOUR 
II'OUH-
<:,{LINDEH) 

NO SOLAR 4.09 

RIINKINE 

1500 p 4.09 

HIINK[NE 

195°F 4.09 

• 

Table 5. Rankine-Driven Cooling Performance 

RANKINE 
AND 
COOLING 

coo [, til(: AUXfl.llI!<\, HIINK INt·; NET MO'I'O!< TOWER '1'0'1'111. 
'I'OWEU l'IIN ~10T()!< 1 Nl'lI'l' 011'1'1'11'1' l)c,\vEH PARASITIC I'll lUIS ('1'1<: 
POWEll POWEH l'OWI':11 C{)~ISIIMI.;u POWER I'OWEIl 
(KI~) (KW/lIp) (111') (!'w) (KW) «<W) 

0,9 '1.0/10.11 0 Y.1l 0 12.28 

0.9 9.0/10.8 6.0 4.5 2.01 9.79 

0.9 9.0/10.8 ) 9.0 -4.5 2.01 0.79 

I.] 14.8/17.9 0 14.8 0 20.19 

1.3 14.8/17.9 6.11 9.75 2.01 17.15 

1.3 1.4.8/ 17.9 19.0 ~O 2.01 7.40 

- --~-.-

,. 

TOTAL 
ENERGY 
INPUT 
(U'.'U) 

41,912 

33,4lJ 

2,696 

68,908 

58,53) 

25,256 

., IA 

NE1' 
COP 

1.18 

4.24 

53 

3.97 

4.67 

10.8) 

1 

LN 
00 
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ACTIVE SOLAR ABSORPTION COOLING 

R. H. Merrick and J. G. Murray 
Arkla Industries Inc., Evansville, Indiana 

Serious interest in solar cooling began in 1973 using lithium bromide/ 
water machines. Today, this is the only type of solar cooling device 
that can be.bought out of a catalogue and carries a warranty. These 
units are water cooled and require connection to a cooling tower. 

AdaotableProven Hardware Available 

Small tonnage bromide machines were pioneered as gas fired units to 
bring to the U. S. natural gas industry a share of the emerging air 
conditioning load. large tonnage machines were designed for low pres
sure steam as the heat source, contemplating connection to district 
steam networks in large cities heretofore idle in the summer. 

The first small tonnage solar cooling systems. adapted gas units to 
solar by replacing the gas fired generator with a hot water design. 
These fired on 99·C (210F) hot water. large tonnage units, whose ra
ted capacity typically requires 116·C (240F) hot wat~r, were adapted 
by running them"derated e.g. 50% capacity at 93·C (ZOOF). 

Solar Optimized Hardware Now Avai.1able 

Responding to the interest in solar cooling, the absorption industry 
has provided units in the 10 to 90KW (3-25 ton) range expressly design
ed for solar. Recognizing th~t flat plate collectors were the pnly 
proven products .available, the firing temperature at rated capacity was 
set at 90·C· (195F), within the reach of selective surface types. Aware-

'ness of the variable heat rates from solar arrays led to abandonment of 
thermo-siphon solution circulation in f~~or of the centrifugal pumps 
used in large tonnage machines. Figure 1. is a diagram of a small ton
nage solar chille"~ Figure.2. plots c.apadty against generator hot 
water for a sola,. optimized chiller. COPs at rating are .68 to .• 72. 

SMA~L TONNAGE. SOLAR. CHILLER PERFoaMANCE DATA 

, .... ' ... ' ..... 1 • ..", ...... .,..,..,.., .... ..,. "-Ir •. 
e& .! nc. _= ... 

FIGURE 1. FIGURE 2. 
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Small tonnage chillers are generally controlled by on/off cycling. Cy
cling will lower the seasonal COP below the steady state COP. Figure 
3. shows cumulative COP as a function of "on" time. Figure 4. shows 
the daily distributions of "on" times for two residential appl ications. 
Combining these on a time weighted basis generates a seasonal COP which, 
in the actual operating cases noted, was .64 against a steady state 
value of .70. 

Realizing comparable results requires the proper anticipator in the 
room thermos tat and "spin-down" control on the chi 11 ers. "Spin-down" 
is a 3 minute extension of air conditioning system operation after 
ceasing to apply heat to ~he generator reSUlting in almost full cooling 
during this time. The cool fng comes from useful evaporation of re
frigerant in transit through the condenser and evaporator that other
wise would enter the absorber as liquid with no refrigerating effect. 

The solar cooLing market, so far, has 
tonnage units specifically for solar. 
sup?l Y inf.ormati.on on operating these 
to solar heat source levels. 
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unitary Solar Heating/Cooling System P~ckages 

The first activity was the development of .. residential unitary system. 
The concept has been commercialized In'the form of .. central skid pack
age containing .. chf11er, auxiliary boller, "systems tank" and all pumps 
and controls. A schematic of the syltem Is shown in Figure 5. 

The "systems tank" fs an above ground portion of the hot water storage. 
The main."storage tank is burfed in the ground • 

. 
The 90·C (195F) firing level of the chiller permits the use of a collec
tor drain do.., system at atmospheric pressure. This avoids the cost 
and efficiency penalty of a secondary collector HX loop, heat dumping 
operation during Intermediate seasons to protect loop fluids from ther
mal breakdown, and code problems that may arise with pressurized stor-
age tanks. 
r 
The. skid package is long and narrow for garage Installation~ Resist
ance.tofreeze·damage during winter power failure led to the use of 
drain down In the generator, fan coil. domestic water preheater and aux
iliary heater circuits. Use of drain down In·the auxiliary heater cir
cuit also eliminates idle tlme heat loss. The installer only runs lines 
1:0 components in remote locations.such as col1ectors on the roof, stor
age tank in the ground. fan coil in the house and preheater. 

The system is controlled from a conventional absorption' wall thermostat. 
Wasting Btus through overfiring the chiller ;s prevented with a genera
tor hot water by-pass responsive to chilled water falling below 6·C 
(4)F). 

-
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Humidity control is maintained during underfiring by stopping chilled 
water flow in upper half of the evaporator, responsive to chilled water 
rising above S·C (46F). Hot restart steam generation is prevented by 
135-C (275F) coll ector high temperature swi teh control J ing coIl ector 
pump motor. 

There is a current follow-on activity to develop a conrnercial 88KW (25 
ton) skid mounted chiller package. This will contain all pumps and con
-trols but is designed for attachment to an above ground storage tank 
whi ch el imi nated the "systems tank" rendering a more compact package. 
Like the residential system, this will be a two-pipe system using the 
same tnhibi ted water throughout, storage at atmospheric pressure and 
drain down collectors. The auxiliary boiler will be separate from the 
package offering more- flexibility in selecting and applying auxiliary 
energy. Figure ~ pictures the prototype of the package. 

25 TON SKID HOUNTED CHILLER PACKAGE 

FIGURE 6 
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Pp. 47-49 deleted due to copyright permissions on: 

"Solar Refrigeration Utilizing Zeolites", by 
D. I. Tchernev, The Zeopower Company, Natick, 
MA, 01760, Copyright 1979 American Chemical 
Society, from the Proceedings of the 14th 
Intersociety Energy Conversion Engineering 
Conference, pp. 2070-2073. 
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E1TEGRATED SOLAR ZEOLITE COLLECTOR 

THE ZEOPOWER CCMPArIT 

DE-AC03-78cS32117 

DR. DIMITER TCHERNEV 

.. Begin SEFTEl1BER 25, 1978 End SEPTEMBER 24, 1980 

• OEJECTIVES 

The goal of the first year effort is to de
sign, construct ahd test an integrated z.eolite 
COllector, capable of providing hot ~ater during 
the day and chilled ~ater at night, vhich ~ill 
act as one-for-One replacement for existing hot 
water solar collectors. The specific objectives 
are: (1) To develop zeolite collector units that 
provide maximum heating/cooling capability at 
minimum cost; (2) To construct and test proto
types of such collectors. The goal of the second 
year effort is to evaluate the performance of the 
integrated solar zeolite collector under different 
climatic conditions in different parts of the USA. 
The specific objecti-.-es are: (3) To construct a 
sufficient number of operating zeolite collectors 
that provide maxill:.= heating and cooling capabil
i ty; (4) To install and instrument' such collec
tors at a number of different geographic sites in 
the United States and to collect data on their 
operating performance under a variety of weather 
conditions. 

CONCEPT 

Zeolites are ideally suited for solar heating 
and cooling because they provide the unique com
bination of t~o properties. (1) Due to their cage
like structure and consequent high internal sur
face area, they are capable of adsorbing large 
quantities of a variety of refrigerant gases, 
ranging from ~ater vapor and ammonia to carbon 
oxides and freons in the vicinity of room temper
ature. For most of these gases the amount sorbed 
is about the same - 30~.%. Since the heat of 
Vaporization of water is the largest of any com
~on refrigerant and about ten times larger than 
that of freons, the zeolite-water vapor combin
ation can provide the most efficient system and 
requires the smallest quantity of zeolite for its 
operation. (2) The adsorption process is extreme
ly temperature sensitive, so that the amount of 
'lapor adsorbed decreases drastically ~hen the 
temperature is increased over a rather narrow 
range not far above room temperature. In addition, 
zeolites·are chemically inert, abundant, and in
expensive. 

The operating principles of heating and cool
ing systems utilizing the'adsorption properties 
of zeolites are illustrated in Fig. 1. The sys
tem takes advantage of the day-to-night variation 
in solar insolation to achieve gas pumping action 
~ithout the use of uechanical compressors or other 

OAT CTCLI: 
llOOUlIS 

(VAPORATOR 
3i!"F 0.1 PS'. 

., GH1' CTeLl: 
16 HOURS . 

Figure 1. Schematic diagram illustrating day and 
night cycles for the zeolite-~ater systen. 

moving parts. The left side of Fig. 1 shows the 
day cycle, ~hich lasts about 8 hours. 'During this 
period the zeolite collector panel, its surface 
coated ~ith a black absorber, is heated by the sun. 
The heated zeolite desorbs ~ater vapor that had 
been adsorbed during the night. The desorbed va
por is then condensed, liberating its latent heat' 
of vaporization, and stored as liquid in the con
densate tank. The condenser operating temperature 
deterinines the ~ater vapor pressure in the collec
tor-condenser system, which is ~ 1 psia for a con
denser temperature of lOOoF. During the night 
cycle, shown on the right side of Fig. 1, the 
zeolite cools down and can readsorb ~ater vapor. 
In cooling systems this vapor is supplied by in
jecting water from the condensate t~~ into the 
evaporator, ~hose pressure is maintained at ~ 0.1 
psia. At this pressure, evaporation occurs at 
about 35°F, and the water's latent heat of vapor
ization is absorbed from the surroundings. wnen 
the vapor from the eVaporator is reaasorbed, lo~
grade heat is generated and continuously rejected 
from the zeolite panel to the atmosphere. 

Annual DOE Active Soler Heeting end Cooling Contrectors' Review Meeting 
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Since the operating pressure of the zeolite 
collector changes from ~ 1 pSia during the day to 
~ ).1 psia at ni&~t, the basic system of Fig. 1 
acts as a l-cycle-per-day compressor with a 10:1 
compression ratio. Like a heat pump, it can be 
used for _both heating and cooling. The heat from 
the condenser can be used to provide domestic hot 
water throughout the year. During the heating 
season, this heat is also used to produce hot water 
for space heating, vith excess hot water being 
stored for use during the night and on cloudy days. 
During the cooling season, heat from the condenser 
that -is not needed for domestic hot vater can be 
rejected to the atmosphere. 

At night, water from the condensate tank is 
reads orbed by the zeolite panels. During the 
cooling season, the water is first passed through 
the evaporator at 35 0 F, ",here it is converted in
to vapor at ~ 0.1 psia. The heat required for 
evaporization could be absorbed from an external 
water loop, producing Chilled water for cooling. 
During the heating season, when chilled water is 
not desired, liquid ",ater from the condensate 
tank is pumped directly into the zeolite panel. 
bypassing the evaporator. In contrast, conven-
tional heat pumps always require the use of an 
evaporator, whose operation necessitates an exter
nal source of heat even during the ",inter. 
Throughout the year, readsorption of water by the 
zeolite during the night results in the production 
of -low grade heat, which is continuously dissipated 
to the atmosphere. 

Since the zeolite system can _be- used for both 
heating and cooling, such a system "'ill permit a 
much shorter period for repayment of capital costs 
than a single-application system, making the com
bined system more attractive to potential users. 

If the condenser and evaporator of Fig. 1 are 
combined with the water condensate storage tank 
and the whole combination is integrated with the 
zeolite panel, we arrive at the integrated zeolite 
collector shown in Fig. 2. In this diagram a 

/ ._- -------------------------------

~NNED 

INTEGRATED ZEOLITE PANEL 
WITH FLOODED TYPE EVAPORATOR-CONDENSER 

Figure 2. Schematic diagram of the integrated so
lar zeolite collector. 
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finned coil heat exchanger is ~"ersed in the .ater 
storage tank and the whole flooded type evaporator/ 
condenser is made an integral part of the zeolite 
collector. In this manner the collector can be 
assembled, tested, evacuated and sealed in the 
factory and it will not be necess~ry to ma.~e vacuum
tight joints at the construction site. The only 
connections needed at the construction site will 
be the regular plumbing Joints to the external 
liquid loop, which can be made by any person trained 
in the installation of conve!ltional solar collec
tors. 

T.mile in Fig. 2 the flooded evaporator/con
denser is physically located at the top of the 
collector, it was discovered during the develop
ment portion that this unnecessarily reduces the 
collector aperture and the useful area for the 
collection of solar energy. Therefore, the flood
ed evaporator/condenser was relocated behind the 
zeolite while still being an integral part of the 
panel and the vacuum tight container. 

SUMMARY 

During the first year of the contract, two 
integrated solar zeolite collectors were designed, 
constructed, instrumented and tested. They per
formed as expected and the actual experimental data 
is very close to the computerized prediction of 
performance done with a simple mathematical model. 
The total daily cooling efficiency, defined as the 
total cooling produced by a square foot of collec
tor divided by the total daily solar input, was 
measured to be over 25%. The total daily heating 
efficiency vas over 35%, in close agreement with 
published data on other flat plate collectors. 
During the second year, 10 more integrated collec
tors were constructed and are presently undergoing 
vacuum testing. 

TECHNICAL ACCOMPLISHMENTS 

The design of the integrated solar zeolite 
collector was accomplished on time. The optimum 
zeolite loading was found by computer simulation 
to leave a broad maximum which extends from about 
5 lb/ft2 to about 25 Ib/ft2 . A number of exper
iments confirmed this result experimentally. It 
was therefore concluded to specify for this design 
a loading at 8 to 10 Ib/ft2 requiring a panel 
depth of 2 inches. The finned coils for the heat 
exchanger were commercially available and most 
other parts used were readily available. A large 
number of different zeolites were tested and a 
chabazite from BOWie, Arizona was found to give 
the highest potential overall efficiency and was 
therefore chosen for the job. 

Based on the design above, two collector 
panels of 16.4 ft2 area each were constructed from 
copper. They were fill_ed with zeolite at about 
9 lb/ft2 loading and sealed. The finned coil heat 
exchanger was installed behind the ~eolite and 
thermally ibsulated from it. The heat exchanger 
was provided with a manual freeze-protection valve, 
which permits all liquid water from the heat ex
changer to be drained back into the zeolite when
ever the temperature af the liquid water drops 
below 350 F. -ThiS valve remains open during the 
heating season thereby allowing the panel to 
operate as a heat-pipe. 

Annual DOE Active Solar Heating and COOling Contractors' Review Meeting 
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Both panels were tested und~r pressure and 
~,der vacu~~ and exhibited no leaks. The collec
tor panels were then ?ainted with flat black 
pa.int. The collector frame was constructed from 
aluraim.:m and two different insulations were used 
on the two panels: Foam glass and high-temper~ 
atu=e isocyanurace trJmer. At first the collec
tors were tested '.lith 3/16" , ... indow glass '.hile 
later low-iron glass was used for the double 
glazing. Standard gaskets were used for weather 
sealinge 
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The panels w"ore instr'J..'!lented with a.utomatic 
BTU-meters and high accuracy mercu=y thermometers 
for manual readout of input and output temperatures. 
Pumps, flowmeters and fan-caoled finned coils com
pleted the external fluid loop. Solarimeters and 
integrating recorders measured the instantaneous 
and total solar energy incident on the collectors. 
The collectors were tested on numerous occasions 
for 3 to 5 days and nights with data taken every 
15 minutes. DurL,g the rest of the time only total. 
dailY input and total daily cooling and heating 
outputs were recorded. 

__ --....... SOLAR RADIATION EXPERIMENTAL 
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Figure 3. Comparison of the theoretical computer 
prediction with the actual exper~ental results. 

The detailed experimental data was compared 
to the computerized prediction done by the Univer
sity of Arizona ,md the agreement o;;as bett'~r than 
expected. TI.e ccmuuted and measured data is shown 
in Fig. 3. ifuile the effect of buildings (shadows 
~~d reflections) affected the solar input in early 
Jlorning and late a.fternoon, the overall fit of 

theory to experiment is remarkable. Fig. 4 pre
sents the total daily overall cooling efficiency 
(total daily cooling output divided by total daily 
solar input) as a f~,ction of total daily insola
tion. On clear sunny days with over 2000 BTU/ft2 

day input the cooling output of the collector is 
over 500 BTU/ft2 day, and the efficiency is 25 to 
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Figure 4. Total daily cooling efficiency as a func
tion of total daily solar input. 

28%. Fig. 5 presents the heating efficiency as a 
function of total daily solar input. In indicates 
that the collector perfor,ns like a regular flat 
plate collector in the heating mode. In general, 
~e can conclude that on days vith less than 400 
3TU/ft2 day solar input, no useful cooling or 
heating output can be observed while the efficiency 
increases to 10% at 950 BTU/ft2 day. 
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Construction of 10 ~ore integrated solar 
:eolite collectors .... as completed. Fi-,e of the!ll 
have been sealed and are under.c;;oing 'racuum test
ing. Samples from the new shipment of zeolites 
were compared to samples from previous shipments 
and their properties appeared identical. 

FUTURE ACTrlITIES 

.Contract activities. After completing the 
vacuum testing of all collectors, the final assem
bly vith the frames, insulation and glazing will 
be completed. The collectors vill then be tested 
for performance and efficiency to qualify each 
panel under actual operating conditions at the 
plant.- At least two collectors each will be in
stalled and instrumented at each of at least four 
different geographic sites in the USA and data 
collected on their operating perfor!llance under a 
variety of weather conditions. The data for a 
period of at least one month viII then be evalu
ated. 

Post-contract activities. A residential 
building of over 2000 ft2 floor'space will be 
constructed with private funds in the Denver, 
Colorado area. This structure viII be equipped 
vith 600 ft2 of integrated solar zeolite collec
tors and the proper system elements, including 
storage, pumps, controls, etc. This will be the 
first full-scale test of the operation of a com
plete system utilizing the zeolite collectors. 
The results of this test viII hopefully accelerate 
marketing acceptance and commercialization. Fur
ther efforts will be directed also at reducing 
the cost of the collector in mass production by 
a factor of two or more. 

PUBLICATIONS 

(1) D.L Tchernev, In "Natural Zeolites, Occur
rence, Properties, Use", Pergamon Pr.ess Ltd., 
1978, pp. 479-85. 

(2) D.L Tchernev "Solar Refrigeration Utilizing 
Zeolites. II In Proceedings of the 14th Inter
society Energy Conversion Engineering Con
ference, Vol. 2, pp. 2070-2073. 
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TWO STAGE EVAPORATIVE COOLING USING A ROCKBED 
ASSOCIATED WITH THE ACTIVE CLEARVIE\~ SOLAR COLLECTORR 

SUMMARY 

Two stage evaporative cooling has been shown to be an effective 
alternative to refrigerative air conditioning in many of the desert regions 
of the'Southwest. It is attained by precooling air without humidification 
before further cooling by evaporation. Built examples of tested installa
tions in Tucson include both a new home as well as a retrofit attached 
office-greenhouse installation. Data was taken at both locations during 
the summer of 1978. 

An integrated solar heating and evaporative cooling system which uses 
a largerockbed to store heat produced by an active ClearView Solar CollectorR has been developed. (Any other hot air solar collector may be substituted.) 
During the summer, the rockbed is used to store coolth produced by an 
evaporative cooler (a simple off-th~shelf item). At night, one evaporative 
cooler cools the rockbed, while a second cools the house, usina normal one 
stage evaporative cooling. During the day, cool air is drawn *rom the 
rockbed by the house evaporative cooler, where it is cqoled again before 
being blown into the house. Other modes of operation have'been built 
into the system, which is controlled with a set of pushbuttons that are 
operated by the homeowner. 

The test rockbeds have been sized for a l2-hour two stage cooling 
effect~ However, various combinations of fan speeds can be used to vary 
the cooling cycle. Initial output temperatures are typically 12° above 
the minimum daily wetbulb temperature. At the end of the daily cycle, 
output temperatures are I\A-6° above this temperature., This excellent 
performance is due in part to the cool rockbed temperatures achieved during 
nighttime evaporative cooling. This, in effect, adds an extra "stage" 
due to nocturnal radiation. On the most humid day of the summer (77°F 
wetbul b temp9"ature), the output temperature of the house cool er reached 
73°F; and on the hottest day of the summer (108°F), it was possible to 
achieve an output temperature of 66°F for several hours during the day. 
This in effect is due to the relatively stable temperature produced by 
the rockbed for most of the day. 

During the spring and fall, the rockbed may be cooled down sufficiently 
so that the home may be cooled with dry air during the entire day without 
further evaporative cooling. 

The complete ClearView solar heating and two stage evaporative cooling 
system can be neatly placed in a house if the house has been designed with 
the ~ystem in mind from the beginning. Three power dampers are required 
(one is a power-operated insulated door), and are located in the mechanical 
room along with the collector fan and two coolers, one of which is used as 
the heating fan also. (Manually operated dampers may be used.) 

Sample designs have been developed, as have TI-59 programs (based on 
the work of Professor J. A. Reagan) to facilitate the calculation of heat 
gains and losses. 
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This report was prepared under contract as an account of work 
sponsored by the State of Arizona Solar Energy Commission. Neither the 
State nor the Commission makes any warranty for the accuracy, complete
ness or usefulness of any information presented. The views, opinions, 
and conclusion contained in this report have been made in good faith by 
the contractor and do not necessarily represent those of the State of 
Arizona or the Arizona Solar Energy Commission. 

Successful installations built according to the procedures outlined 
in this report have been constructed. However, due to possible different 
interpretations, construction methods, and micro-climates, the contractor 
is not responsible for any installations built using these ideas. Thus, 
the designer of any homes using these methods will be responsible for the 
house performance. 

COMPLETE REPORT 
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SECTION I 

REV lEW OF TWO STAGE, IND IRECT, AND REGENERATIVE 
EVAPORATIVE COOLING TECHNIQUES 

A. A general description of each* 

Since the 1930s, innovative technologists have been devising methods 
of using two evaporative cooling processes in series to produce still 
colder or drier air. These are called "two stage, indirect, or re
generative evaporative cooling." Two basic_evaporative cooling devices 
were available to designers. They could choose between a cooling tower, 
which produces cold water or an evapor~tive air cooler, which produces 
cool air. These a~d other related devices are described in Appendix I. 

Unfortunately, simply blowing air from one evaporative cooler 
into another does not produce significantly colder air. Two stage evapora
tive cooling is only achieved by precooling air without humidification before 
further cooling by evaporation. The first stage can be a cooling tower, an 
ordinary evaporative cooler, or any other cooling effect, such as nocturnal 
radiation (Fig. 1). A heat exchanger (like a car radiator) then uses the 
cool fluid from the first stage to precool (without humidification) outside 
air entering the second stage evaporative cooler, thus producing lower output 
air temperatures. We have developed a system where a large rockbed is cooled 
at night (Fig. 2). The following day, the rockbed is used to precool air 
without humidification before further cooling by evaporation. The thermal 
storage inherent in this system has several advantages, including two stage 
evaporative cooling output temperatures lower than those produced in systems 
which do not have thermal storage. 

Indirect evaporative cooling is another evaporative cooling method, 
where cool air entering the structure is not humidified (Fig. 3). It is 
similar to the first stage of the above two stage system. An evapora-
tive cooling device, commonly a cooling tower, is used to cool the air in 
the house indirectly through an air-water heat exchanger. This prevents the 
house air from being humidified. However, heat exchangers cannot cool the 
house air to the temperature of the cooling water or air in them. This may 
limit the usefulness of this otherwise attractive system . . 

To circumvent the above limitation, regenerative evaporative cool-
ing systems were developed (Fig. 4). They use the relatively cool air 
leaving the home to improve the performance of the system. Instead of re
circulating house air through a heat exchanger, as in the above indirect 
system, outside air is continuously cooled by the heat exchanger as it 
enters the house. Since exhaust air from the house is considerably cooler 
than the outside air, and it has not been humidified, it can be used as the 
input air to the evaporative cooling device. This lowers the output tempera
ture of the evaporative cooling device, thus lowering the temperature of 
the heat exchanger, and lowering the temperature of the house below that 

*This review is derived, in part, from Evaporative Air Conditioning by 
John R. Watt [lJ. The reader is referred to this excellent book for a 
more thorough discussion of developments prior to 1963. 
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which would be attained by a non-regenerative system. (This is not perpetual 
motion!) Many systems of this type use a cooling tower as the evaporative 
cooling device. One uses a dual rockbed and another uses a rotating wheel 
which alternately cools outside air and is cooled by an evaporative cooler. 
Several clever II pl ate type ll units combine the cooling tower and heat exchanger 
into one unit. These consist of parallel plates separating areas cooled by 
a water spray (and cool air leaving the house) from dry areas which cool 
outside air entering the house. 

B. Two stage evaporative cooling. 

A system which precools air without humidification before 
evaporatively cooling it further is called a two stage evaporative cooling 
system. The cool air passes through the house and a large part of it leaves 
the house. The relatively cool air leaving the house can be used to eject 
heat before it enters the house. A common type of two stage evaporative 
cooling system uses a cooling tower as the first stage [2J. The cool water 
from the cooling tower flows through an air-water heat exchanger (like a car 
radiator), and cools fresh air flowing over it without humidification. This 
precooled air is then cooled in an evaporative air cooler. The air washer 
(rotating drum type) of evaporative cooler or a spray type evaporative cooler 
(Appendix I) have advantages over the standard box type evaporative cooler 
using aspen excelsior pads in this type of system. In such so-called Ilin_ 
line ll systems, a type of evaporative pad material called Celdek is often 
found to be useful. It is described in Appendix I. 

The McGraw-Edison 
number of such two stage units. 
Arizona1s Architecture Building, 
on a high school. 

Company in Phoenix is now building a small 
Two are installed at the University of 
and one is installed in the Phoenix area 

Such systems work well. One was operated successfully at 
the Environmental Research Laboratory (ERL) for three years. (See Fig. 5.) 
It used a large water tank from a solar heating system to allow the coolth 
produced at night by the cooling tower to be stored for daytime use. Since 
we did not want to mix the cooling tower water with the water in the large 
storage tank, a water-to-water heat exchanger was placed between the cooling 
tower and the water tank. This system performed as designed, producing 
output temperatures approximately 6° below that of a standard evaporative 
cooler. The limitations of this type of design are the approach temperatures 
of the various heat exchangers. 

The psychrometric chart should be used at all times to analyze 
the effect of changing air conditions in these systems. A description of 
its use is in Appendix II. While, as a rule of thumb, precooling the air 10° 
wi 11 cause a ('\,,3° decrease in the output temperature of an evaporati ve air 
cooler, the improper use of this rule can lead to errors in judgment when 
analyzing the results of changing conditions. The above cooling tower, 
heat exchanger, evaporative air cooler two stage evaporative cooling system 
can be described on the psychrometric chart as follows: In Fig. 6, the 
cooling tower cools water, which flows through the heat exchanger and cools 
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the air entering the evaporative air cooler from A to B. Then, the evapora
tive cooler cools the air evaporatively from B to C (72°). If only an 
evaporative air cooler had been used, the air would have been cooled from 
A to D (78°). Thus, the two stage evaporative cooler produces air ~o cooler 
(an important 6°!) than an ordinary one stage evaporative cooler can. The 
design of such a system is best left to the professional mechanical engineer. 
Sources of design information are in Appendix I. 

The data in Fig. 6 is taken from the Environmental Research 
Laboratory's installation. The fluid passing over the heat exchanger is 
never as cold as the fluid in the heat exchanger. This temperature differ
ence is called the approach temperature. While closer approach temperatures 
than the above are possible, they can cause pumping and equipment costs to 
become quite high. It is important to note that systems using rockbeds are 
capable of extremely close approach temperatures, due to their extremely 
large surface areas. Another problem in cooling tower systems is that the 
water in them must be replaced frequently, and must contain corrosion and 
scale inhibitors to avoid degrading the expensive heat exchangers. While 
the maintenance personnel responsible for the maintenance of a commercial 
installation can probably maintain a cooling tower, the probability of a 
homeowner performing proper maintenance should be considered before attempt
ing a residential installation of this type. Perhaps, as with swimming pool 
maintenance, a maintenance contract might be offered. 

The power requirements of the entire system must be considered 
carefully, especially when fractional horsepower pumps and fans are used. 
A seemingly low sum of motor horsepower can draw surprisingly large amounts 
of current. 

We have suggested in the past that a variant of this system 
be used in a large school, where a large central cooling tower could furnish 
cool water to air-water heat exchangers that precool air entering a low 
maintenance, air washer type commercial evaporative cooler. Each evaporative 
cooler would serve small zones. Large ducts would be avoided because of the 
zoned cooler input, and proper maintenance could be expected in this situation. 

Colonel Frederickson of Safford, the owner of the local gas 
company, is working with the Burke collector, an unglazed hypalon solar 
collector. During the summertime, he intends to run water through the col
lector at night, thus cooling water in the main storage tank by nocturnal 
radiation in a manner similar to Ray Bliss' technique in the old office at 
the Solar Energy Laboratory [3J. Col. Frederickson will then use this cooler 
water and a heat exchanger to precool air for an evaporative cooler. This 
system avoids the water treatment problems of the cooling tower system, but 
still has the approach temperature limitations of heat exchangers. Also, it 
may need a very large collector area in order to produce a significant amount 
of two stage evaporative cooling. 

It is also possible to use an air-to-air heat exchanger to 
couple two evaporative coolers. Unfortunately, air-to-air heat exchangers 
are relatively inefficient, and sources of them are rather difficult to 

-12-



70 

170 

1$0·." 

r+~~~~~~~~~~+-P+~+-rt ~ 
c: 

,~~~~~~rr~~~~~~~~~-rf~o~ , 0: 

'~~~~~~~~~~~~~r-~~~ < 

0: .... 
f7--'fr:-F.\--'>-r:-+-1~ =i"++Hrr++-'t-f.:r"o\i-+~+-'ci<->'* 90 i 

... 
. 0 ... 

~~-+~~~~~~~~bt~~~~~~~~90~ .. 
~ 

Psychrometric properties of air at 29.92 inches of mercury absolute pressure. 

Figure 6 

-13-

.. 



• 

71 

locate. Thus, a cooling tower has been preferred in systems described in 
the literature. An air-to-air heat exchanger is similar to the heat ex
changer in a furnace, where the hot combustion gases are separated from the 
warmed house air by a series of metal tubes. These are wide in one dimension 
and narrow in the other dimension to produce the large surface areas necessary 
to overcome the relatively inefficient heat transfer rate from a metal plate 
to a gas. Sometimes the tubes are slightly corrugated or finned to increase 
surface area and to increase turbulence and heat transfer rates . 

Two stage evaporative cooling systems using large rockbeds 
have been independently developed at CSIRO in Australia [4J and at the 
Environmental Research Laboratory [5J. In this system, a large rockbed is 
evaporatively cooled at night and is used to precool air without humidifica
tion during the following day. Total power requirements can be quite small 
if the duct system and the rockbed are properly sized. Since the rockbed 1s 
an extremely efficient heat exchanger due to, its large surface area, the out
put air temperatures of the rockbed are virtually identical to the rock 
temperatures themselves. Thus, the rockbed cools the air passing through it 
during much of the day to temperatures available only at night. Systems 
without such thermal storage, can only precool air to temperatures limited by 
daytime conditions. Thus, this system is actually more than a two stage system. 

On the debit side, this method does require a very large rock
bed (which may be minimized through proper house design). Also, ordinary 
one stage evaporative cooling is used at night. Howev~r, this need not be a 
serious problem, since ordinary cooler output temperatures are lower at 
night, because nocturnal radiation reduces both ambient dry and wetbulb 
temperatures. Because of the necessity of locating large openings near the 
rockbed for access to outside air, as well as locating evaporative coolers 
with outside air access near the rockbed, constraints are placed on the design 
of the house. Some schematic designs are presented in Section V to acquaint 
the designer/architect with some possibilities. 

However, the performance of these systems is indeed superb. 
They may be especially useful to retired persons who are financially well 
off at this time, and who want to invest their monies in their last home, 
one that will maintain their comfort at minimal costs of operation, and thus 
provide a hedge against future inflation of power costs. 

The system at the Environmental Research Laboratory which uses 
standard evaporative cooling, is described in detail in Section III. 

The CSIRO research group in Highett, Victoria, Australia has 
constructed and tested an integrated solar heating/two stage evaporative 
cooling system on an office building [6J. During the summer, the rockbed was 
cooled at night by an evaporative cooler. The following day, ambient air was' 
precooled in the rockbed before further cooling by evaporation. 

They used a vertical airflow rockbed in three sections, 71 

deep, and composed of 3/4" rocks. The face velocity was 15.6 feet per minute 
with .18 inches of water pressure drop. A spray type evaporative cooler in 
the duct system was used ( Appendix I). Since the offices were not cooled 
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at night, the airflow through the spray cooler would simply be reversed to 
convert from day to night operation. During the ,day, they observed mist 
cooling of the air well into the main duct system, and during the night, 
they observed similar mist cooling due to carry-over in the rockbed [llenum. 
The system was designed for nine hours of two stage evaporative cooling, 
and the rockbed was cooled at night for 10-1/2 hours. 

Ideally, the rockbed precools the air without humidification. 
The CSIRO group noted that some humidification of air occurred as it passed 
through the rockbed. They observed that roughly 20% of the calculated heat 
storage capacity of the rockbed was regularly unused at the end of the nine
hour cycle, and attributed this to the evaporative cooling occurring in the 
rockpile. This cooling means that less heat is absorbed by the rocks at a 
given airflow, and the rockbed will absorb heat for a longer period. Thus, 
they suggest that a smaller rockbed could be used. They imply that this 
moisture pickup in the rockbed is due to absorption from the cool, humid air 
used to cool the rockbed at night. They do not speculate on how much of the 
moisture present on/in the rocks may be due to mist carry-over from the spray 
water. 

They also do not speculate on the effect of evaporation in the 
rockbed on the output temperature of the system. In the opinion of the re
viewer, it is very likely increased, if the rockbed outlet temperature is 
the same, wh~ther or not evaporation in the rockbed has occurred. This would 
mean that the drybulb temperature of the air leaving the rockbed is the same, 
while the wetbulb temperature has increased. Thus, in this case, the lowest 
temperature attainable by an evaporative cooler has increased., 

They report their results in terms of actual building tempera
tures, which they found to be quite comfortable, and state that mechanical 
refrigeration would cost two-three times as much over the entire season, 
and seven times as much in February (their IIAugust"). 

The two stage evaporative cooling systems described above 
do not directly use the relatively cool air exhausted from the home to 
improve the performance of the system. However, as will be described in 
detail in Section IV, this cool air can be exhausted through the hot air 
solar collector, windows and the attic so as to intercept heat before it 
heats the air inside the home. This reduces the size of the' system required. 

C. Indirect evaporative cooling. 

Indirect evaporative cooling is a very attractive form of 
evaporative cooling, since the air is not humidified. However, since fluid 
cooled by an evaporative cooling device only approaches the wetbulb tempera
ture, and since the house air only approaches the temperature of this cool 
fluid, the wetbulb temperature must be quite low (approximately 65°F or less) 
to keep the house interior at less than 80°. This means that the method 
generally does not work well during humid summer weather. However, it was 
appreciated in the 1930s, since it was one of the few available methods of 
cooling. If a cooling tower is used as the first stage, scale and corrosion 
need to be controlled. 

-15-



• 

.. 

73 

In the classic form of this system, water from a cooling tower 
is circulated through an air-water heat exchanger over which house air is 
recirculated (Fig. 3) [7J. It is possible to design this system so that it 
is used for indirect evaporative cooling during drier weather, and two 
stage cooling during humid weather, as was done at the Environmental Research 
Laboratory installation in 1974. This system is schematically illustrated in 
Fig. 5. In at least one case, the outside air was cooled by the heat ex
changer [8J, instead of recirculating home air through the heat exchanger . 

We have also used indirect evaporative cooling in our rockbed 
installations. As with two stage evaporative cooling, the rockbed is cooled 
at night. Then, outside air is drawn through the rockbed during the day and 
enters the house without further cooling. During dry periods in June and 
September, the output air is quite cool (Fig. 12, IIDry Cool II on June 20 and 
21). A further option would be to recirculate house air through the rockbed. 

D. Regenerative evaporative cooling systems. 

In a regenerative evaporative cooling system, outside air 
entering the house is cooled in a heat exchanger, flows through the house, 
and is exhausted through the evaporative cooling device that provides the 
cool fluid pumped through the heat exchanger. Since the exhausted house air 
used in the evaporative cooling device is precooled and not humidified, the 
evaporative cooling device produces colder fluids for use in the heat exchanger 
and thus lowers the input temperature to the house (see Figure 4). Un
fortunately, since air entering the house must be exhausted through the 
evaporative cooling device, the possibility of exhausting air so as to eject 
heat before it reaches the inner parts of the house is reduced. However, 
some installations exhausted the relatively cool air from the cooling tower, 
through the attic [9J. . 

The classic form of this device uses a cooling tower to 
produce the cool water flowing through the air-water heat exchanger, I,-'Jhich 
cools the outside air entering the home. This air is precooled but not 
humidified, and exits through the cooling tower, lowering the output tempera
ture of the cooling tower water. For example, if the air rises 5°F as it 
passes through the house, if the heat exchanger has a 7° approach temperature, 
and if the cooling tower has a 4° approach temperature, the following would 
occur: Ambient air at 100°F drybulb/710F wetbulb entering the home is 
cooled to 76° drybulb/63-l/2° wetbulb (69° water in the heat exchanger), 
and It/arms up to 80° drybulb/65° wetbulb (4° above the temperature of the air 
passing through it), and the entering air is cooled to 76°F drybulb/63-l/2°F 
wetbulb. Thus, reasonable conditions (since the air is not humidified) can 
be maintained. However, ·in hotter and more humid climates, such as Phoenix, 
this system may produce less than the ideal conditions. However, they may 
sti 11 be quite acceptable ""hen compared to ordi nary air conditi oners operated 
at high temperatures to minimize costs, or when compared to ordinary evapora
tive cooling systems. Closer approach temperatures can be used, but at 
greater operating costs. 
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Once again, the cooling tower water needs regular chemical 
treatment and "blowdown" (either constantly bleeding off small amounts of 
water or periodic changes of the water). This necessity to "blowdown ll the 
cooling tower makes chemical treatment a continuous process.t~hile it may 
be possible to use only one fan to blow air into and out of the house in 
this system, this can result in objectionable pressure differences between 
the inside and the outside of the home. If properly balanced, two fans can 
reduce this effect. 

Watt describes a regenerative cooling system built into the ~ 
old Administration Building at the University of Arizona [9J. The cooling 
tower was a central shaft in the building itself (Fig. 7) to facilitate 
exhausting all the cooled air in the building through it. The cooling tower 
air was exhausted through the attic to reduce heat flow from the roof to 
the rooms below. Otherwise, the system operated as previously described. 
Such a system with a built-in cooling tower might be useful in a home if the 
architect is willing to let the system influence the design of the house. 
Each room might have a heat exchanger in it with individual airflow controls. 

Regeneration wheel techniques have also been tested. Neal 
Pennington of Tucson used a rotating heat storage wheel ~l foot thick and 

. filled with fine "aluminum wool" (Fig. 8) [lOJ. The aluminum wool is cooled 
by air from an ordinary excelsior pad, drip type evaporative cooler, in the 
lower section. As it rotates into the upper section, it cools outside air 
drawn through the aluminum wool without humidiffcation. The air cools the 
house, and~xits through the evaporative cooling pads in the lower section, 
thus util izing regeneration. ~Jatt was ir.1pressed by the system, whose seal ing 
and spray nozzle clogging problems are only those of a standard evaporative 
cooler. It has counter flow heat exchange, and in winter the heat storage 
wheel can be used to recover heat from ventilation air. Watt mentions that 
a calcium chloride desiccant wheel was added later, which partially dried 
the cool air entering the home (this does heat the air, however). This 
desiccant wheel was dried later in the process with fossil fuel derived heat. 
However, it could possibly be dried by a solar heated hot air device. 

The famous Australian regenerative rockbed (RBR) uses the 
same principles, but has the advantage of the low approach temperatures 
inherent in rockbeds due to their large surface area. Design equations and 
graphs are presented by Dunkle [12J. 

An older RBR (1965-1968), schematically illustrated in 
Fig. 9 [13J, is used to explain the system initially, since it is sir.1pler 
to understand than the newer version. Ambient air is drawn by the first 
fan through a 511 deep layer of closely sized 1/4" gravel (left side), which 
have been previously cooled. Then the air flows through a thinner 211 deep 
layer of the same size rock, also precooled. This cool unhumidified air -
enters the house and rises slightly in temperature as it cools the house. 
It is then exhausted by the second fan on the opposite side through a 2" 
layer of rock which was sprayed for a few seconds with water, at the start 
of the cycle. This layer of rock functions as an evaporative cooling pad. 

-17-
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The cooled air then cools the 5" layer of rock above the evaporative cooling 
layer. Since the air entering this side from the house is not humidified 
and is much cooler than the ambient air, these rocks are cooled more than 
would otherwise be possible. After five minutes, when the 2" rock layer 
on the right has dried out, the airflow is reversed. The outside air is 
then cooled without humidification by the right side, and the left side 
is cooled, or regenerated. 

The newer Mark IV system is schematically illustrated in 
Fig. 10 [14J. It is an 8' x 12' X 2-1/2' deep metal box, divided into two 
compartments. An evaporative cooling rock layer is on one side only, and 
cools the 5" rockbed on either side, controlled by the dampers in the center. 
All rocks (gravel) are coated with a bituminous compound to reduce moisture 
absorption. 

The use of metal in the box reduces the mass of the device 
on the lower side where the cooled air leaves the cool rocks and enters 
the house. This improves the performance of the system. During the re
generation process, these lower surfaces are at the exhaust temperature of 
the house air. When the airflow is reversed, the rocks produce cooler air 
than the house exhaust air. Thus, thermal mass in this area would \'Jarm 
the air somewhat before it enters the house. 

In the newer RBRs, only one 2" layer of rock for evaporative 
cooling is used, rather than two. In the older model, it was essential 
that the evaporatively cooled rock layer dried completely before that side 
of the RBR was used to cool the ambient air. To insure this, warmer house 
air was exhausted through it after the spray had been turned off, thus warm
ing these rocks to the warmer exhaust air temperature. Then, when the 
airflow was reversed, these warmer rocks were the final cooling stage, and 
would not cool the air as much as is possible. When one wet evaporative 
cooling bed is used, it is never in the path of the cool air entering the 
house, and can remain wet at the end of the cycle. The original paper only 
alludes to the above, which is the interpretation of the reviewer. 

Complete drying of the evaporative cooling bed may also have 
been required to prevent odors. We have observed that in the absence of 
chemical treatment, excelsior evaporative pads smell fishy while being 
wetted or dried, but are relatively odorless Ivhen they are wetted continu
ously. However, this may not be true if rocks are the evaporative cooling 
media . 

This system appears to be quite good. Performance reports 
include mention of successful use in hard water areas, and that they have 
had no odor problems. Hogg [l5J reports that the RBR produces output air 
temperatures approximating the ambient wetbulb temperature, without humidi
fication. 

The RBR, as designed by CSIRO, does not appear to be immediately 
useful as a rockbed for a solar heating system. Design changes might allow 
this. However, since the CSIRO group is noted for its solar work, and did 
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integrate their larger two stage rockbed with solar heating, it is likely 
that no simple designs were evident for linking the RBR to a solar heating 
system. 

The CSIRO group also used two fans in the system, so that 
the house is neither under positive or negative pressure during operation 
of the system. If one fan were used,then the house would be under positive 
or negative pressure, depending on whether the fan is at the exit or the 
intake to the house. 

Dr. Stanley 11umma of ASU is developing a system similar to 
the RBR in principle, but using standard evaporative coolers instead of 
the evaporative cooling rockbed. He has written a paper which is unavail
able at the time of this writing [16J. 

Pescod, of Australia [14J, has developed a regenerative 
evaporative cooler that uses a plastic heat exchanger, which is a combination 
of a cooling tower and the air-water heat exchanger previously mentioned. 
Ambient air flows across the outside surface of plastic tubes, which cool 
the air. This cooled ambient air passes into the house as before, warms 
slightly, and is exhausted through the inside of the afore~entioned plastic 
tubes into which water is sprayed. Since, as in all regenerative systems, 
the air entering the tubes is cooled and has not been humidified, it can 
then lower the water spray to temperatures below those normally reached 
with ambient air. Thus, the ambient air entering the house is cooled to 
lower temperatures. Unfortunately, we could not obtain prior reports with 
detailed drawings of the device, thus Fig. 11 is the reviewer's estimation 
of the schematic appearance of the device from the verbal description given 
in the reference. It probably requires a very large number of small tubes 
to attain sufficient surface area. 

Pescod reports that he regularly achieved output temperatures 
equal to the ambient wetbulb temperature. 

Watt reports similar devices made of very large areas of 
parallel plates of metal which separate the air being cooled from the surface 
cooled by a water spray [18J. Such units were built by Pernot and Rich. 
They did not use regeneration. Apparently, 100% outside air was cooled with
out humidification, or building air was partially recirculated through these 
units. 

... Watt reviews several devices similar to the above I,·ihich he 
tested. He calls them "plate type" indirect or regenerative evaporative 
coolers. He showed that regeneration is effective, where air that has 
cooled the house is used as the air input into the water spray cooled chambers. 
However, if cool dry air from the device itself is immediately used as input 
air to the spray chambers, performance is reduced. This is due in part to 
the large total volume ~f airflow required to maintain a given flow rate 
through the house, and to the small incremental temperature reduction 
achieved by such practices. He also notes that the water sprays should be 
directed downward in "plate type" coolers, since water mist is not reliably 
carried far by air flowing horizontally. 
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The large and extremely varied types of systems for evapora
tive production of IIcoolth,1I all interrelated in some It/ay to other evaporative 
cooling systems, are a monument to the explosive inventiveness of mankind 
when a basic principle bearing upon a universal problem becomes widely known . 
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RADIATIVE COOLING WITH SELECTIVE SURFACES IN A DESERT CLIMATE 

W. C. Miller and J. O. Bradley 
Energy Systems Center, Desert Research Institute 

Boulder City, Nevada 89005 USA 

Abstract---Radiation of heat to a clear night sky has been proven to be an 
effective method of space cooling for buildings in mild climates. In hot, 

.~ desert climates, however, the viability of radiative cooling depends on the 
development of selective radiator surfaces and infrared-transparent wind 
screens. This paper evaluates a commercially available, anodized aluminum 
product for use as a selective nocturnal radiator. Experimental data is pre
sented which shows that the anodized aluminum produces a greater cooling 
effect than a black body radiator at operating temperatures well below ambient. 
An analysis is presented which indicates that the improved radiator surface 
is theoretically capable of meeting the cooling loads of a typical desert 
dwelling. 

It has been shown by Niles et al. 1 that radiation of heat to the night sky is a viable 
technique for cooling buildings in mild climates such as Atascadero, California. 
Crowther and Melzer2 have shown that combined radiation and evaporation in the "cool 
pool" concept can provide space cooling in a more severe climate such as Winters, 
California. However, the viability of radiative cooling in hot desert climates de
pends upon the development of selective radiative surfaces and infrared-transparent 
wind screens to allow operation at temperatures significantly below ambient without the 
use of water. Although evaporative cooling has been shown to be effective in most hot 
desert climates, water may be too valuable a resource in the near future to be used for 
cooling buildings. Such is already the case in many mideastern countries and will like-

• 
ly be the case in the southwestern United States as the population increases and de-
mand for water begins to exceed available supplies. Thus, high performance radiators 
are worthy of development for cooling buildings in hot desert climates. The theory of 
selective radiators has been presented ~ Catalanotti, et al. 3 , and further analytical 
work by Berdahl and Martin 4 has discussed the application of selective radiators for 
cooling in a desert climate. 

For some time at DRI we have been experimenting with various materials and coatings in 
order to more fully understand the finer points of the radiative cooling phenomenon. 
One of our standard tests involves measurement of the equilibrium temperature of an 
experimental surface while it is exposed to a clear, night sky. During the course of 
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such experiments, we discovered that KINGLUX~ a commercially available anodized alum
inum sheet consistently reached lower equilibrium temperatures than the reference IIblack ll 

radiator surface, which indicated that it might exhibit selective characteristics. A 
spectrophotometric analysis confirmed this prediction and is reproduced in Fig. 1. 
KINGLUX®shows excellent selective properties in the 4-8 micron (high emittance) 
regions but deviates substantially from the ideal selective radiator in the region 
beyond 14 microns. This material is composed of a high purity, electro-polished alum
inum substrate with a 2 micfon transparent A1 20g (anodized) coating. Since polished 
aluminum is a nearly perfect reflector throughout the visible and infrared wave-
lengths, the selective properties of KINGLUX®are a consequence of its anodized coating 
and are most likely the result of molecular absorption and interference effects. 
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In order to assess the performance of anodized aluminum as a selective radiator, an 
eXperiment was devised to measure the net energy. flux. between a heated plate of KINGLUX® 
and its environment. A 41 cm square sheetof.5 mmthick KINGLUX®was bonded to a 3.2 mm ~ 
thick aluminum substrate of the same dimensions. Heat was supplied to the substrate by 
5 m of #24 insulated con~tantan wire taped to its surface in a sinuous pattern and 
heated by a variable-:-voltage D.C. power supply. The heater was connected to the power 
supply by lengths of #14 copper wire. The radiator/heater assembly was recessed 10 cm 
into a 61 cm x 61 cm x 20 cm block of styrofoam. The recessed opening was covered with 
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.02S mm clear polyethylene film to form a 10 cm stagnant air space between the radiator 
and film. A sketch of the apparatus is shown in Fig. 2. For reference, a second test 
module was assembled which was identical to the first except that its aluminum radiator 
surface was painted with 3M Nextel®black paint. A thermocouple was bonded to the bottom 
of each aluminum plate to monitor radiator temperatures . 

HEATER WIRES 

POLYETHYLENE 
COVER 

STYROFOAM 
ENCLOSURE· 

Fig. 2. Sketch of Radiator Test Module 
, 

"' 

Both modules were installed in an upward facing, horizontal position on the roof of the 
Energy Systems Center of DRI in Boulder City, Nevada (altitude - 762m). The test was 
conducted on a warm, mid-surmner night at average ambient air temperatures of 30. SoC 
dry-bulb and l7.2°C wet-bulb, and except for a few scattered cirrus clouds, the skies 
were clear. The test involved applying electrical power to the heater beneath each 
radiator plate and monitoring the plate temperature until a steady-state condition was 
reached; at that point, the electrical power input to the plate was equal to the net 

'" energy flux leaving the radiator surface. The electrical power input to each plate 
was determined separately from measurements of voltage and plate heater resistance. 

The experimental results are presented in Fig. 3 in terms of the net outgoing heat 
flux and the difference between the ambient air and radiator plate temperatures. It 
can be seen that the anodized aluminum surface performs significantly better than the 
black surface at operating temperatures well below ambient. For a temperature difference 
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of 9.5°C (21°C plate temperature), for instance, the KINGLUX®provides a 17% increase in 
net cooling power over the black surface. At a difference of l2.50 C (18°C plate 
temperature) the improvement in performance increases to 57%. Obviously, the cooling 
rate is inversely proportional to the radiator surface temperature, and the selective 
radiator yields increasing performance relative to a black surface the further below 
ambient temperature the radiator is operated. 
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Fig. 3. Results of Radiator Tests 

In order to relate the experimental performance of the KINGLUX®radiator to an actual 
cooling application, a cooling load analysis was done for a hypothetical residence in 

. 2 
the Las Vegas, Nevada climate., It was assumed that the house had a floor area of 150 m 
and was well constructed from an energy conservation standpoint (i.e. adequate insula
tion, low infiltration, proper window overhangs and shading etc.). The calculated 24 
hour cooling load for ASHRAE design conditions of 42.2°C dry-bulb and l8.90 C wet-bulb 
temperatures is 290,600 KJ. If it is assumed that the radiator surface area is equal 
to the floor area of the house, then the radiative cooling system must reject 1937 

2 
KJ m- over a 24 hour period to meet the calculated cooling load. 

In general, radiative cooling performance is strongly related to atmospheric moisture 
content; clouds and/or high humidity levels significantly reduce the radiative cooling 
effect. The atmospheric moisture present during the radiator test (.008 grams per gram 
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of dry air) represents a relatively severe clear-sky design condition for radiative 
cooling in this climate. Therefore, the measured radiator performance results are 
applicable to the calculated cooling load with a reasonable degree of confidence. 

The average ambient temperature during the 12 hours of darkness of the ASHRAE design 
day is 29.2°C. If the radiative. cooling system is to operate at 21°C during the night 
to cool a thermal storage device, the. extrapolated experimental results indicate that 

2 
the KINGLUX®radiator will produce an average of 46 wm- during the 12 hour period, 
thus meeting the required load. 

Other experiments with KINGLUX®at ORI have shown that, if the radiator surface is 
shaded from direct solar radiation in such a way that it retains a "view" of a clear, 
north sky, the unheated radiator plate will maintain an equilibrium temperature that 
is a minimum of 11°C less than ambient during the day. Thus, if properly designed, a 
selective radiator may not only provide the space cooling for a building but, in 
addition, reduce the cooling load generated by the building's roof and, thereby, 
reduce the overall cooling load. 

CONCLUSIONS 
1. Radiative cooling with selective surfaces and wind screens appears to be a viable 
passive cooling alternative for buildings in desert regions. 

2. A commercially available, electro-polished and anodized aluminum product has been 
found to offer improvement in cooling performance over a black body radiator when 
cooling is required at temperatures below ambient. 

3. A KINGLUX®radiator has been shown to be capable of providing the cooling require
ments of a typical residence in Las Vegas, Nevada under severe cooling conditions. 

4. Additional research to develop improved radiator surfaces is justified. KINGLUX® 
is far from the ideal selective radiator. It may be possible to produce much improved 
selective radiators from anodized aluminum or similar metals by varying the alloy, 
anodizing process, or coating thickness (for absorption and interference effects). 
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DESICCANT AND OTHER COOLING SYSTEMS 

R. K. Co 11 i er 
Solar Energy Research Institute 

Golden, CO 80401 

Desiccant cooling systems are those systems which process water vapor in 
the earth's atmosphere to produce cooling. Since mass transfer occurs between 
the system and its environment, they are commonly referred to as "open-
cycle" systems. These systems all use a liquid or solid material called a 
desiccant to remove water vapor from the air. The physical phenomenon by 
which water is removed is most often adsorption on the solid desiccants and 
absorption in the liquid desiccants. 

Desiccant systems are presently used in ind~strial air-d;;ying applications. 
There are solid sys~ms marketed ~ Bry-aifX' and Munter~ and liquid systems 
marketed by Niagarawand KathabaY@. The solid systems utilize a wheel in which 
air may flow in the axial direction only. The solid desiccant (lithium 
chloride salt or silica gel) is impregnated into the wheel material or 
encapsulated as a packed bed. Air to be dried flows through one side of the 
wheel while the desiccant on the other side of the wheel is being dried by an 
externally heated air stream. These two air streams must be kept physically 
separate in order to maintain the distinctly separate functions of air drying 
and desiccant regeneration. 

The liquid systems utilize two separate spray chambers for the processes 
of drying and regeneration. The "strong" solution (triethylene glycol or 
lithium chloride and water) is sprayed over cooling coils whose temperature 
is maintained by a cooling tower. Air to be dried passes through the spray 
and is dried artd cooled. When the desiccant solution absorbs sufficient moisture 
from the air, it is pumped to another chamber where it is sprayed into an 
externally heated air stream. This regenerates the solution, which is used 
again in the drying process. 

These commercial systems are air driers only and do not produce a significant 
net cooling. In order to produce cooling, water must be reinjected into the 
air stream after the sensible cooling step. 
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Desiccan~ sys!ems have spawned interest 2S solar-driven machines due to 
their inherent adaptability to air as the working fluid as well as 
their mechanical simplicity and lack of hermetic sealing requirements. 
One of the earliest solar regenerated desiccant systems was built and 
tested by Lof [1]. This was a liquid, triethyiene glycol system with 
the desiccant regenerated by air heated in a solar collector. An inter
esting feature of this system was the proposal to store energy in the 
from of chemical potential (concentrated solution) thereby reducing 
0)" obviatina the need of conventional thermal storaae. Since there is 
an advantage in USing cool solution for drying the air, thermal losses 
from the strong solution storage tank are desirable, and long-term 
storage may be viable. A problem which must be addressed with any 
glycol system is the likelihood of glycol migrating into the building 
SJace. Recently, Johannsen [2] has reported on a glycol system in 
which the weak solution is regenerated in the solar collector itself. 
The solution flows as a fluid film in contact with ambient air. ine 
li~uid is heated by solar radiation and releases its absorbed moisture 
to .the at:nos;Jhere. A similar system utilizing calcium chloride has 
been reported by Hull ick & Gupta .(31. . 

~arious solid desiccant systems employing rotary desiccant wheels have 
:een Pi"ooosed and studied (4, 5, 6, 7, 81. In addition, researchers 
[9, 10] have also considered stationary beds that are cycled between 
drying an~ regeneration. In aTl these systems, it is possible to em
oloy solar collectors as the energy source for desiccant regeneration. 
7he idea is commonly held that solar air heaters would be particularly 
suited. to these desiccant systeins because t~ey are not subject to 
freezing or corrosion and obviate the need for liquid to air heat ex
changers. 

T:-;E:Zi'iGSY~jA"lIC ANALYSIS 

Diagrams sho .... Jing the most common rotating i·.'heel systems are shown in 
FigureS 1 (a), 2 (a) and 3 (a) [1l1. The symbols EC, DH and HE indi
catE evaporative coolers, dehumidifiers and heat exchangers, and the 
flame represents a heat input. Psychrometic charts showing state 
Doints corresponding to locations on the block diagrams are shown in 
Figures 1 (b), 2 (b) and 3 (b). 7hese I",ere calculated for ambient 
conditions of 35°C and 0.019 kg/kg absolute humidity (95°F, 53~ RH) 
and for a regenerating temperature of 130°C. All component effectiv
ities are the same for the three cycles. 

Ine cycle shown in Figure 1 (a) is called the ventilation mode. In 
this case, room return air is used to regenerate the dehumidifier bed. 
The air stream leaving the room is evaporatively cooled and then 
hE~ted firstly by heat exchange with incoming air and secondly by the 
external heat supply. Ambient air ;s dried and he:ited in the dehu
midifier. cooled by heat exchange with the air stream from the room 
and further cooled and also humidified in an evaporative cooler. This 
air is then passed to the building to maintain the required building 
conditions. A modification, suggested for his own cycle by Dunkle [6] 

.. 
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b~t apofooria:e here, is also ncjuded. ,niS is a remix feature where 
evaporatively cooled room air s mixed with evaporative1y cooled de
~ivery air before be~nq cassed to the building. This feature is includ
ed in this and the other two cycles fer the following reasons. First, 
it al10ws humidity centrol to be readily apolied so that the building's 
::bsoiute humidity can be increased to a maximum consis~ent with thermal 
comfort. This ensures that the enthalpy difference bet~een the air 
stream a: state point 3 (and approximately at 4) and the regenerating 
stream at 7 (and approximately at 6) is maximized, so reducing the air 
flow through the cooling system for a given building load. In turn, 
this recuction leads to smaller c~mponents and less energy needed to 
~aintain a given building temperature. Secondly, in comparing dif
ferent cycles operating under varfous ambient conditions, it is neces
sa ry to have a cemman bas is en ioJhi cn to make compari sons. The remi x 
system, as one method of control!ing the building at const~nt temper
at~re and hum~dity, ensures that bui1ding return enthalpy is constant. 
If ~ne humidity were allowed to vary, then valid comparisons between 
different cycles producing different building ajso1ute humidities would 
not be possible. 

die recirculation mace shown in Figure 2 (a) uses ambient air for regen
erating ~he adsorbent. Building return air is dehumidified, cooled by 
~eat e~change ~nd then mixed with room air before being evaporatively 
~coled and oassed to the building. A difference between this mode and 
t~e venti ia:~on mace is that here there is no fresh a~r sucply shown 
whereas the ventilation mode uses all fresh air. As is shewn below, 
the Dunkle cycle has no inherent fresh air supply either. In the 
case of the recirculation and Dunkle cycles, the assumption has been 
mace t~a: only small buildings are being considerEd,and normal infil
tration is sufficient to supply any needed fresh air. In practice, it 
~ay be cesira~le to increase the fresh air flow rate over the rEturn, 
the excess being used to purge kitchens, lavatories, or other areas 
needing ventilation. 

7he Dunkle cycle shown in Figure 3 (a) resembles the recirculation 
moce in that ambient air is used for regeneration. However, an addi
ticnal heat exchanger results in a low building delivery temperature 
without the r.ecessity of dehumidifying air to a 1moJ humidity. {l.s 
dehumidifying to a lew absolute humidity normally requires a high re
generating te~Derature, this would appear to be an advantage when oper
ating ~oJith solar collectors i-,nose perfonnance drops '.vith increasing 
fluid delivery temperature . 

The cooling capacity and COP (coefficient of performance) of these 
cycies can be calculated with the aid of the psychrometric diagrams. 
The a~oun~ of cooling delivered to the building for the ventilation 
mode "-JOule! be defined as (See Figure 1 (b)) 

If the mass flow rate out of the building equals the mass flow rate 
into the building. thenequation [1] ~ay be rewrit~en as 

[1 ] 
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~tom conservation principles, it can be shown that an equivalent ex
pi"ession ~s 

Qc = m4(h 6 - ha.) 

The COP is cefined as 

COP = cooline caDacity 
heat input 

The heat input \'Joul d be 

°h 
= rTI

8
(h

9 - h
a

) 

Ther:srore, the system COP VJi i 1 be 

COP = mL1 (h6 - h
ll

) 

rTIa(h9 - h
S

) 

= °c 

°h 

[2] 

[3] 

[4] 

[5 ] 

[61 

From our previous assumption 
m4 = mS ' and 

that m~ = m_ and no leakage occurs, then 
o :J 

COP = rn
4

(h
6 

hL1 ) 

(hg - ha) 
[ 7] 

Equations [3] and [7] a10ng with the psychrometric chart of Figure l(b) 
can give us insight into the desirable as well as the limiting thermody
namic characteristics of the system. Notice that iowering the temper
ature of the cold sink (point 3) increases cooling capacity as well as 
COP. For the ventilation system, point 7 is the ultimate dry bulb 
temperature attainable. The most noticeable component parameter would 
be the effectiveness of the sensible heat exchanger. States 7 and 9 
wi 11 not change; however, s ta tes 3 and a wi 11 move along ali ne of 
constant moisture content as the heat exchanger effectiveness varies. 
In addition, state 8 will move closer to the dry bulb temperature at 
state 2 as the heat exchanger effectiveness increases. This reduces 
he - h , thereby reducing the heat input to the system. Therefore, 
c60iin~ capacity increases and heat input decreases as the sensible 
heat exchanger effectiveness increases. This, in turn, causes the 
system COP to increase. When the heat exchanger effectiveness is 
unity, states 3 and·8 \',ill achieve the same dry bulb temperatures as 
states 7 and·2, respectively. Inus, both cooling capacity and system 
COP will be maximized for the degree of dryness (state 2) achieved. 

Let us now ~xamine how the effectiveness of the evaporative coolers 
\-Jill influence system performance, LovJering the effectiveness of the 
evaporative cooler between states 3 and 4 increases the dry bulb tem
~erature at s:ate 4. This hai no effe:t on either the cooling capacity 

,~ 
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or the COP. ~owever, it does affect the sensible heat factor and the 
c~ount of remix :ir required to match the latent load of the bu~lding. 
On the ct~er hand, since state 7 is the cool sink temperature, evapora
tive ccc1er effecti1eness between states 6 and 7 ~etermines the maxi
mum dry bulJ temoErature achievable at state 3. The moisture ratio for 
the t'egeneration stream is lcl'Jered, but the enthalpy difference bet' .. ~een 
states 8 and 9 remains almost the sa~e. Therefore, increasing the evap
orative cooler effectiveness between st:tes 6 and 7 increases cooling 
caDacity but does not change the heat input. This increases COP but 
not as much as an equivalent increase in the sensible heat exchanger 
effecti ,.eness. 

As mentiored earlier, the ultimate dryness achievable (state 2) is the 
Gverridfng Jara.meter cetermining system performance. It \;1;11 ~etermine 
the min~mum enthalpy achievable by State 3 for any given sink tempera
~ure (state 7) (and maximum COOling capacity). It Will also determine 
t~e maximum enthalpy achievable for state 8 (and the minimum heat input). 
Sta~e po~nt 9 is determined by the adsorption properties or the desi
ccant material. That is, the dry bulb 'temperature and moisture content 
of s~ate 9 ~s reouir'ed in order to achieve the relative dryness of 

...... ?' ... ' d .. ~ . t ,.., . / .... 
Si..~l.e _. ,""S ... neryness reqUirement Oi sta e '- lncreases ,m01Sl..Ure 
content decreases), the temperature reauirement of state 9 increases. 
The amount of temperature rise required will vary with the desiccant 
~oterial chosen, so it is ~ot Dossible to make a seneral statement as 
to the effect on heot inout. From the previous example, lowering the 
scisture con~ent of the resenerating stream will in actuality reduce the 
dry b~1:; ~emperature requ;re!T.e~t of stc.t:e 9. This reducticn is very 
s~al1, and the substance of the previous example is correct. Notice 
that from thermodynamic consicerations only, the dry bulb temperature 
cf state 9 need only be incrementally larger than that ror state 2. 
However, conservation of mass requires that the moisture cycled from 
1 - 2 must ecual the moisture cycled from 9 - 10. Thererore, for equal 
~ass flow rates of air, state 10 will be along a line of approximately 
constant enthalpy with state 9 and at a moisture content equal to the 
amount of moisture cycled betwee~ states 1 and 2.added to the ~oisture 
content at state 9. For Figure 1 (b), this would correspond to a mois
ture content of about 0.029 kg/kg of dry air. State 10 will always be 
at a dry bulb temperature greoter than state i ,and therefore the cycie 
is thermodynamically possible. This defines for us, then, the minimum 
r.e3~ inD~t ard hence the maximum CO? attainable for the system. Notice 
that fOt' thermodynamically ideal materials, the maximum theoretical COP 
can be many times larger than one, the theoretical limit for closee sys
tems. This is due to the fact that we are utilizing the earth'S atmosphere 
as a sink. That is, the extremely moist air at state 10 does not have 
to be processed by the cycle but is processed by the earth's atmosphere 
to establish state 1 as the cycle inlet conditions. As far as the COP 
of the cycle is concerned, this ~rocessing by the earth's atmosphere 
is "free" and increases the machine efficiency accordingiy. In reality, 
desiccant materials that demonstrate these previously described ideal 
procerties do net exist. For existing materials, state 3 is at a much 
higher dry bulb temperature than st~te 2 as sho\'m in Figure 1 (b). 
7his is necessary in oreer to match the adsorption characteristics of 
the particular desiccant. It is apoarent then that the adsorption 
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characteristics of the desiccant can have a very lal~ge influence on the 
cOoling capacity and COP of the cycle. The nature of these adsorption 
~rc~erties will be discussed in detail in the following section. 

7he effect of ambient conditions can now be seen quite readily. As the 
outdoor hUi:1i di ty increases. the dry bulb te!l)perature requi red by state 
2 for the same moisture content increases. This increases the dry bulb 
requirement of sta:e 9 • but also incre~ses the temperature achieved by 
state 8. The most important effect is the relative change in state 3. 
With a high effectiveness sensible heat exchanger, state 3 will not 
~hange appr~ciably, and hence the cooling capacity will not change. 
However, as the sensible heat exchanger effectiveness decreases, so 
does the cooling capacity. A similar situation exists if the outdoor 
Grv bulb :emcerature increases. The lesson here is that fluctuations 
in~outdoor c~nditions can be tolerated effectively if high effective
ness heat exchanaers are used. In actual practice, heat exchanaer 
~ffectivene$ses ;n ~he ~rder of 95% (121 can be achieved. ~ 

7he pre'lious analysis dealt specifically v.Jith the ventilation mode 
cep;c~ed in Figure 1. The same analysis can be applied to both the 
rec~rcula~ion mode and the Dunkle cycle depicted in Figures 2 & 3, 
respectively. 7he results will be qualitatively the same as those 
fer the ventila:ion mode; however, the relative importance of the 
various parameters will be different. 

DESICCAN7 MATE~IALS 

The desirable pro~erties for any desiccant material used in an open 
cycle cooling application are: 

1) Mechanical & Chemical Stability. The material does not 
del~quese or undergo hysterisis when cycled. 

2) Large Moisture Capacity per Unit Weight. It is desirable 
to cycle as much water as possible for a given amount of 
desiccant. This reduces the amount of desiccant required 
and.results in smaller volume and lower parasitic power 
require;nen:s. 

3) Lew Heat of Adsorption/Absorption. Increases cooling 
capacity and thus increases COP. 

4) Idea 1 Isotherm Shape. Th; s 10\'Jers regenerati on temperature 
and thus increases COP. 

:'.n understanding of properties 3 & 4 is the key to detet"mining the per
fOnliance of an o;Jen-cyc 1 e sys tefil. The heat of adsorpti on/ absot"pti on is 
the enercv released when water is transformed from a caseous state to 
an ac:sot"b~d/absorbed state. This\,ould also ~e the e;ergy input v/hen 
~'Jater is transfol'":ned from an adsorbed/absorbed state to a aaseous state. 
For most materials, this er.ergy is greater than the heat of 
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cond2nsa~ion/vaoorization of water. In1S means that the actual cenu
midification and regeneration proceSS2S do not follow constant enthalpy 
lines on the psvchrometr1c chart as other researchers have stated. 
~~ferring again" to Figure 1 (b), the line 1-2' is a line of constant 
enthaloy while the line 1-2 depicts the proper process line for silica 
gel. ~s shown, the additional energy released by adsorbing the water 
'laPOI' mani7'ests itself as a hi-;:her dry bUlb temperature for a given 
moisture content. This will have the same net effect on the cycle as 
an increase in the outdoor dry bulb temperature: minimal effect for 
systems with very high effectiveness heat exchansers and reduced cool
ing capacity for systems with low effectiveness heat exchangers. For 
most cesi:cants i~ use today, the heat of adsorption/absorption is only 
S - 10', srea ter than the heat of condensa t; on/vapori: at i on of \-Jater. 
Therefore, the cycle diagrams which follow 1ines of constant entha1py 
are close to being correct. 

,ne iceal or pl~eferred isotherm shape can be ascertained by recalling 
the discussion of state 9 in the previous section. In order to minimi:e 
heat input to ~he system, we would like state 9 to be as close to the 
cr2' bulb tem;:;ei~at:.Jre of s:c.te 2 as possible. f-im·Je'Jer, the \<Jater vapor 
cartial ~ressure is much higher at state 9 than at state 2. Therefore, 
:he first property of our ideal material would be that adsorption! 
absorption capacity be independent of water vapor pressure. The 
se~ond chal'ac~eristic which ~ecomes apparent upon examining the system 
is tha! maximum adsor~ed/abscrbed water capacity is desired for all dry 
bulb temperatures ecual to or less than state 2. On the other hand, 
minimun water ca~acity is desired for all temperat~res above state 2. 
If the or~ceding conditions can be met, the resultant desiccant will 
allow minimum heat input and a minimum amount of desiccant required 
for a 91 ve~ coo i i ng capacity. The adsorpti on isotherms for such an 
ideal ~esiccant are shown in Figure 4. Notice that the equilibrium 
adsorption/absorption characteristics of this ideal material are 
entirely a function of the dry bulb temperature that results from the 
cr:/i ng orocess. Thi s resultant temperature \'Joul d be qui te di fferent 
fer recirculation versus ventilation mode operation. In fact, the 
material would have to be different every time the outdoor conditions 
changed in the ventilation ~ode or the indoor conditions changed in 
the recircu1ation mode. Obviously, this optimum desiccant material is 
too idea1ized to be practical. However, we can make certain qualita
tive judge~ents about the desirability of those desiccant materials 
currently available . 

FigureS S - 8 shQ'.oJ the adsorption isotherms for natural zeolite, 
mOlecular sieve, silica gel and lithium bromide/water. In Figure 8, 
:::;e d:v;ation of the LiBr/H20 ~s?th~rms from. the ideal .behavior is 
i mmedi ate1 y apoarent: the equ11 1 btl urn capacHY at a gl'len tempe}~ature 
varies tremendously with water vapor pressure. The minimum temperature 
allowable for state 9 is that which results in a desiccant loadina 
equivalent to St~te 2. For a desiccant material like LiBr/H20, t~e 
te~perature of state 9 must be raised much higher than state 2 in order 
for !he des~cc~nt lcadinas to be ecual at the 1arae cifference in 
water vapor pressures (3:7 versus i6.7 mmHg). ~ 
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The preceding example points out the main difficulty with liquid systems. 
;nat is, thei r adsorpti on isotherms are the ''''rang shape. ini s means 
that regeneration temperatures are generally higher than for equivalent 
SOlle sys~ems. In addition, the ~uantity of desiccant needed for a 
given cooling caoaci:y is much larger for the liauid systems. The ad
vantage of liquids is that it is much easier to generate additional 
cuantities and surface areas than for solids. This characteristic of 
iiquics can offs~t much of its thermodynamic disadvantage, except for 
COP. For systems with foSsil fuel firing, the COP is not necessarily 
an impor:ant factor. Hcwever, in solar-fired systems, the cycle COP 
relates directly to solar collector area, which in turn affects cost 
and/or ultimate cooling capacity, if collector area is fixed. One way 
that liquid systems can overcome this collector problem is to utilize 
coilec:crs that serve as both a heat source and as a mass transfer 
~evice. Collectors of this nature have been proposed by Kakaboev [13] 
and Mullick [3]. However, no such systems are currently being commer
cialized. 

Silica gel also shows considerable vapor pressure dependence. InlS de
Jencenc~ is reduced as ~he temperature increases, tut the loading ca
p~c~ty is so low ~hat this beneficial effect is largely negated. The 
~so~her.ns for natural zeolite and molecular sieve shmv very minimal 
water vapor oressure dependence. At first glance, these materials 
\'/ould appear to exhibit very close to ideal behavior. HOvlever, these 
materials must undergo very large temperature variations in order to 
ex p e d .: n c e min i rna 1 c han g e sin VI ate r con ten t s . S i 1 i c age 1, 0 nth e 
c:her hand, can experience large variations in water uotake for much 
smaller temperature s~ings. In actual practice,' the use of molecular 
sieve, natural zeolite and silica gel produce about the same net cool
ing eTTec~. What silica gel loses in its pressure dependence, it 
seems to gain in its temperature dependence. The temperature insensi
tivity of molecular sieve and natural zeolites is advantageous during 
the dehumidification process; it is a disadvantage during the regener
ation process. For silica gel, the temperature sensitivity is a dis
advanta;e during dehumidification but an advantage during regenera~ion. 
This observation has led to several [8,10] concepts that attempt to 
make the dehumidification process isothermal instead of adicbatic. 
7he CE1·j mc.chine [8] utnized staged drying and cooling v/heels \'Jhich 
alternate1y dried and cooied the process air stream. The increase in 
complexity of this machine far outweighed the additional capacity and 
~'Jas d)~opped. IIi is developing a stationary silica gel bed that uses 
cross-cooling in orde~ to reduce the dehumidified outlet air tempera
ture. ihis research is not far enough along to make judgements as to 
its viability; however, the same question must be asked of this 
machine Ol~ any other "novel" approach: "Does the increased compiexity 
justify the increased perfor.nance?" 

Figure 9 is a diagram of the equilibrium adsorption isobars (constant 
pressure iines) for silica gel. It is beneficial to plot the desiccant 
cycle on these diagrams in order to understand the problems of design
ing a desiccant cooling machine. Assume the following conditions: 
outdoor temperature 35~C (25°C DP), building space temperature 24°C 
(DOC). For the purposes of this example, vie will assume that equi-
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iibr~um conC~tl0ns between the-air and the -desiccant area'ttained. Assuming that 
m~chine is operati~g in the recirculation mode shown in Fiqure 2 (a). the rOom 
~i~ and the desiccant ~ill be in equilibrium at point A. Fer a desic-
cant exit dew point of O=C, the exit air and the desic:ant will be in 
equili~rium at point B (qualitatively equivalent to point 7, Figure 2 
(b)). i:otice that the minimum reaeneration temoerature necessar'l to 
r:-:aintain this cycle is about 5S=c(shm·m as point C)" This point- is 
found by combining the same bed loading as point B (~6 wt%) with the 
dew ~oint cf saturated outdoor air (~27ec). The air drying cycle will 
pt'ocess c.bou~ 0.005 kgH20/kg air (changing the de\'J point from 13° to 
O~C). 7he outlet regeneration equilibrium condition which corresponds 
to, ;y~~in~ ~.005~k~H20/~~ air is p~~nt ~,~54°C~ 32:C_~Pl, (qu~l~tatively 
equ,vclen~ ~o pCln~ :, r,gure 2 (b)). inlS means ~hc~ ~ne s111ca gel 
~articles a! the bed entrance for c.ir drying (the bed exi~ for regener
c.:ion) will cycle about 13 wt~ moisture content while the bed exit for 
air drying (the bed en-crance for regenera:ior.) 'tJ~l1 cycle no moisture 
at all. The averase amount of moisture cycled, assuming a linear dis-
tribution within the bed. will be 6 - 7 wt~. If the collector recener
'~~cn --m~e-r-~ure ~- r~l's'ed ~o 90~r -~Q rQcQner--~on l'n~et COnG'l·~~cn Cl..: ~::!\':-J c"" I~.... ~ ...... , .... !_ ,,-_,-I al".I I \..1 

moves to C: and the regeneration outiet condition moves to D~ The mois
ture cycled by the silica gel now ranges from 22 - 3 wt~ for an average 
of 12 - 13 wt::.' 

One can now acpreciate the efiec: of regeneration temperature en the 
ar::OL.;nt of silica gel necessary to attain a given cooling capacity at a 
;~ven air mass flow rate. The number of situations which can be modeled 
with the aid of Figure 9 are ~oo numerous to ~emonstrate in this pc.cer. 
:t is ~nstructive~ however, to consider the consequence of a regeneration 
temperature less than 65°C. ConSider, for example. a regeneration tem
perature af 60°C. Foint C now beccmes point C: and point B now becomes 
B~ The net effects were to increase the dew point of the dried air 
~hereby reducing cooling capacity and to decrease the average moisture 
cy·:led t,l' the snica gel. Notice -chat :he machir.e did not "turn-vif" 
as is possible with absorption machines. The original cooling capacity 
coul~ be retained by increasing the air flow rates and the amount of 
silica gel. This would increase machine size and/or parasitic power 
requirements. This is exact1y the situation faci~g developers of com
mercial hardware today. If this situa:ion is to be improved, it will 
be necessary to develop a desiccant material with different adsorDtion 
:Jrc:;erties. 

The precedi~g examole was based on the 25sumption that both thermal and 
mass transfer equilibrium conditions would be reached. In actuality, 
the process kinetics are very importar;: in determining the actual ther
~al and mass transfer conditions within the desiccant bed. Depending 
on the particular desiccant, it can take an hour or more to reach the 
equilibrium conditions depicted in Figure 9. For this reason, the 
modeling of actual desiccant bed pErfor~ance is very sophisticated and 
requires solution on a digital comJuter. Qualitatively, however, the 
previous example is illustrative of the effect of the adsorption be
havior of the desiccant Platerial on machine perfomance. 

the 
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07~E~ SYSTEi'1S 

,nere is an interesting ~ooling concept which utili:es the phenomenon 
of physical adsorption but is not thermodynamically an open cycle or 
desiccant system. This concept, proposed by Tchernev [14], is a closed 
intermi~tent system. It uses natural zeolite as the "absorber" in the 
solar collectors and water as the refrigerant. The cycle is shown 
schematically in Figure 10. During the day cycle, water is released 
from the solar-heated zeolite a~d condensed in an air-cooled condenser. 
It then flows by gravity to a liquid reservoir as stored refrigerant. 
Curing the hight cycle, the stored refrigerant is evaporated and read
sorbed into the zeolite in the solar collectors. The heat of adsorption 
must then be rejected to the atmosphere by venting the glazing/absorber 
soace or by n~ght-sky radiation. For space cooling applications, vent
ing :ne collector is necessary to keep collector area at a minimum. For 
refrigerator applications, it is more cost-effective to increase col
lector area and rely on radiation as the heat rejection mechanism. 

7his system has many desirable featuies. Mass transfer within the sys
tem is totally passive. The absorber material is fixed, and the refrig
~ran~ is moved by evaporation and condensation. The overall efficiency 
of the system is quite high (>40~ solar input to cooling output). 
This is due primarily to the fact that solar energy is converted dir
ectly to chemical potential in the collectors. In this device, there 
are not a number of irreversible heat transfer steps as there are \'Jith 
conventional solar-powered absorption machines. In addition, no hot 
storage is necessary. Another factor \'Jhi ch rr;akes the effi ci ency of thi s 
sys~em higher than that of conventional solar-powered absorption systems 
is the shape of the adsorption isotherms. This characteristic has been 
discussed earlier in the paper. Because of the better isotherm shapes, 
the natural zeolite_sYstem will be affected less by changes in ambient 
conditions than would the absorption systems using salt and water as 
~he absorbent/refrigerant pair. This will result in a higher daily or 
seasonal efficiency for the adsorption system. Finally, the cooling 
produced at night with refrigerant evaporation is stored as chilled 
water for use during the day. This eliminates the possibility of 
having heat losses from storage add to building cooling loads. 

There are serious problems to be overcome with the closed-cycle 
adsQi"ption system. The solar coilectors must be hermetically sealed. 
This is a problem in quality control and mass-production technology. 
j·laterials problems abound. The trade-off betiJeen 1moJ-cost materials 
and materials which will remain unaffected by corrosion for 20 years 
must be made carefully in order to end up with an overall cost-effective 
product. The additional weight of the solar collector panels 
(~50 kg/Q2) must be handled by increasing the roof strength, which 
again adds to the cost of system. 

This system is presently being developed under government contract by 
the Zeopower Company in Natick, Massachusetts, USA. The commercial 
viability of this system has not yet be~n demonstrated, but the possi
bilities are promiSing. 

---
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Q = cooling energy c 
iTt = air mass fi OvJ rate 

h = air specific enthalpy 

CJP = coe7fic~ent 07 perfor.nance 
f"\ = hea: input energy '-<h 
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SOLAR DEHUMIDIFICATION 

Frances H. Arnold 
Solar Energy Research Institute 

Golden, Colorado 80401 

Dehumidification is the least evolved of the pas
sive/hybrid solar cooling techniques. Effective passive 
cooling is geographically limited due to the inability 
to address the latent portion of the cooling loads. A 
large part of the nation's cooling demand is in the hot, 
humid southeastern states--this is also the region of a 
large number of new housing starts. 

be done with a solar collector or a heat recovery wheel ... 
Energy use for an air conditioned house, for a roof 

As the pressure for more energy-conseI."V'ing struc
tures increases, the sensible cooling load in buildings 
is going to decrease. For health and comfort reasons, 
however, air exchange rates will probably not decline 
much below 1/2 an air exchange per hour in residences. 
In commercial and industrial establishments, the rate 
is higher. Air infiltration and ventilation, along with 
showers, cooking., occupants, etc., represent a latent 
load that is not likely to decline to the degree that 
sensible loads will. If solar cooling is to be a viable 
option for decreasing energy demands, the latent load 
must be ccnsidered. 

Most dehumidification for comfort purposes is done 
with vapor compression machines--air conditioners and 
mechanical dehumidifiers. The maximum attainable COP 
for present dehumidifiers is 1, since both the lJVapora
tor am condenser are located in the room. A typical 
COP is .9. The COP of a good air ccnditioner is 2.5, 
but the air conditioner provides sensible as well as 
latent cooling. For a given latent load, the air ccn
ditioner capacity required is larger than that for the 
dehumidification alone. Fer very large latent loads, 
the air conditioner must sensibly cool to a tempera~ure 
lower than that required for comfort, and so the room 
air must then be reheated. This heating can conceivably 

pond with air conditioning and for a roof pond house 
combined with a dehumidifier has been calculated by 
Clark, et. ale (1). Table 1 shows this energy use 
for four southern cities. It is interesting to note 
that even for the high latent loads of Miami, the air 
conditioner is a better dehumidifier than the simple 
dehumidifier. 

An energy-conseI."V'ing alternative to mechanical 
dehumidification is the solar-regenerated desiccan:' 
dehumidifier. Fans represent the only demand for elec
trical energy. In the desiccant dehumidifier , water 
vapor in air passed through a desiccant bed is ad
sorbed on the surface and in the pores of the material. 
However, since adsorption is an exothermic process, 
the air is heated as it passes through the bed. The 
viability of desiccant dehumidification with presently 
available materials rests on the availability of a suf
ficiently large cool sink for sensible cooling as well 
as on solar energy for regeneration of the desiccant. 
The remainder of this paper will assume that such a 
sink is available, whether in the form of a roof pond, 
ground coupling, or even the atmosphere. 

DESICCANT PROPERTIES 

A desiccant is a porous material wi til a high af
finity for water. The amount of water that will be 
adsorbed by the desiccant is a function of the temper
ature and of the amount of water that the material has 
already adsorbed. As the tempera. ture of the desiccant 
increases, its ability to hold water decreases. There-

Roof Pond House with 
Standard House Roof Pond House with A/C Dehumidifier (COP=l) 

A/C A/C A/C A/C A/C Pond A/C Pond Dehum Dehum 

CITY Sen Lat kWH Sen Lat Sen kWH Sen Lat kWH 
(kBTU) (kBTU) (kBTU) (kBTU) (kBTU) (kBTU) (kBTU) 

Miami 12830 6610 2458 7774 5925 4697 1850 9271 * 6611 1937 

New Orleans 11046 6381 2192 6)43 ,5660 .5019 1620 8236 7167 2100 

Houston 11)47 6271 2245 6709 5.548 4246 1658 7781 * 7190 2107 

Little Rock 871a 4771 1716 4071 3658 5)21 105:3 7.548 4872 1427 

* insufficient cooling from roof pond 

Table 1. Comparisons of supplemental air conditioning and dehumidification for several 
American cities for a typical summer (June, July and August). 

.. 
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fore, the material can remove water from the ambient 
air and be reactivated by raising its temperature 
causing it to desorb its water. 

III 

Desiccant properties are normally presented as 
equilibrium isotherms (lines of constant temperature 
as a function of relative humidity or partial pressure 
and weight percent loading) and isobars (lines of con
stant partial pressure as a function of temperature 
and loading). Isotherms of three desiccant materials, 
silica gel, molecular sieve and natural zeolite are 
shown in Figures 1, 2 and 3. Other physical proper
ties of silica gel are listed in Table 2. 

Equilibrium properties can be used to evaluate 
desiccant dehumidifier concepts (See Ref. 2). Although 
equilibrium would not be reached in a real dehumidifi
er, the equilibrium analysis can give valuable insight 
into what is happening in the desiccant bed. For the 
lower flow rates typical of passive/hybrid systems, 
equilibrium can be closely approximated. 

DESICCANT DEHUMIDIFICATION 

_ The process line for desiccant dehumidification on 
the psychrometric chart follows a nearly constant en
thalpy line (Figure 4). The deviation from constant 
enthalpy is determined by the difference between the 
heat of adsorption and the heat of condensation of wat
er. For silica gel, the heat of adsorption is typically 
1200-1400 Btu/lb. For natural zeolites, it varies from 
1200 to 2400 Btu/lb, depending on the material as well 
as temperatures and loading. 

25r-----------------------------------, 

.8 

- - --- - 1 on Figure 4 represents the inlet condi- Water partial pressure (in. Mg) 
tions to the dehumidifier, in this case 900 F dry bulb 
and 740 F dew point. This corresponds to 60% relative Figure 2. Equilibrium isotherms for molecular sieve. 
humidity. If air at this temperature and humidity is 
passed through the desiccant for a sufficient amount of 
time, the whole bed would eventually come to equilibrium 
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Figure 1. Equilibrium isotherms for silica gel Figure 3. Equilibrium isotherms for natural zeolite. 
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with this air. The maximum capacity of the bed under 
these conditions is given by the loading that is in 
equilibrium with the dry bulb temperature and humidity 
of point 1. From Figure 5, the equilibrium isobars 
for silica gel, the loading is seen to be 30.5 wt. 7. 
(Point 1). The maximum amount of water that Can be 
cycled by the bed is determined by this loading and 
the degree to which the bed was regenerated. If, for 
example, regeneration air at 1400 F and 740 F DP was 
available for a sufficient amount of time, the bed 
would have been completely regenerated to 77. loading 
(Point 2 on Figure 5). The total maximum cycled ca
pacity is then 30.5 - 7 = 23.5%. Of course, an infin
ite amount of time is not available for dehumidification 
and regeneration, so the actual cycled capacity would 
be less than that. Furthermore, only a fraction of this 
capacity is actually available for dehumidification 
since the outlet air condition is specified. Comfort 
will require an outlet humidity that cannot be exceeded. 
Were the entire bed to come to 30.5% loading, then the 
air leaving that bed would no longer be dehumidified. 

Table 2. Rlysical Properties of Silica Gel 

Pore Volume 
Average Pore Diameter 
Surface Area 
Specific Heat 
True Density of 

Silica (no porosity) 
Bulk Density 
Thermal Conductivity 

0.43 cc/gm 
22 AilgsZroms 

750~00 m /gm 
0.22 Btu/lbOF' 
137 lb/ft) 

45lb/ft3 
1 BtU/ft~oF/in 

40 60 80 100 120140 160 180 200 
SILICA GEL TEMPERATURE •• f. 

figure S. Equilibrium isobars for silica gel. 
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To get an idea of what the loading in the'bed is 
after a finite time, one can divide the bed into sec
tions and, from the equilibrium properties and a heat 
and mass balance, determine the actual loading pro
files within the bed. Figure 6 shows a desiccant bed 
divided into sections, each containing 1 Ib of silica 
gel. The inlet conditions to the first section are 
gOOF dry bulb and 740 F dew point, which correspond to 
30.5% loading. Just as before, the maximum cycled 
capacity of that bed section is 30.5% minus the load
ing of the section at the beginning of the time in
crement. Given the cycled capacity, one can calcu
late the internal energy increase from the heat of 
adsorption and, from an energy balance, what the exit 
temperature from that section would be. A water ba
lance will give the exit humidity. The capacity at 
the exit is then determined using the equilibrium 
properties of silica gel (Figure 5). 

The average loading in the section will be some
where between the values at the two ends. The arith
metic average is generally a good guess: a second 
heat and mass balance will give a value usually within 
5:;. Using that average loading, one can recalculate 
the exit temperature, humidity and loading from that 
section, which then become the inlet conditions to the 
next section. This procedure is repeated for each 
section and for each time increment to obtain loading 
profiles in the bed as well as exit conditions as a 

llsoF Dry Bulb 

N . ..., 
~ -'00 
I: ... 
't:I 

'" oS 

t 6soF Dew Point 

8 
i llsoF DB 

6soF DP 

GJ f 114.s
o

F DB 
6s.soF DP 

10% [;] 
t 113.30 F DB 

660 F DP 

[;J 
109.90 F t DB 

670 F DP 

Heat of adsorption = 
Bed sections contain 

gel 

[;J 
1200 Btu/lb t 103.s

o
F DB 

1 Ib silica 69.soF DP 

Bed is insulated and,heat 
capacity is small 
pared to the air. 

com- 8 
f 90

0
F DB 

740 F DP 37 Ib/hr 

Figure 6. Silica gel bed after regeneration (10%) and 
1 hour of dehumidification. 
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Figure 7. 

cycled capacity 

3 4 5 6 7 8 9 
Bed section 

Loading profiles in a silica gel bed 
(dehumidification). 

10 

function of time. Figure 7 shows the loading profiles 
for this example. 

From Figure 7 one can see that the exit condi
tions for a sufficiently large bed are determined by 
the degree of regeneration. That is, toward the end 
of the bed no more moisture is cycled and the outlet 
air is in equilibrium with the loading of the last 
bed section. If the desiccant is fully regenerated 
to a certain loading, then the air exit temperature 
and humidity are those in equilibrium with that load
ing, and which lie on the process line on the psy
chrometric chart. These conditions can be determined 
by trial and error, or by following the procedure de
scribed above for determining profiles in the bed. 
In the example used, the exit conditions are 11soF 
and 6soF DP (Pt. 2 on Fig. 4, and Pt. 3 on Fig. 5). 

The equilibrium properties are also useful in 
optimizing system design. As can be seen in Figure 
5, the amount of water adsorbed on silica gel is a 
strong function of temperature. This fact is rele
vant to both dehumidification and regeneration. For 
dehumidification, as the temperature at which air is 
dehumidified decreases, the maximum capacity of the 
desiccant increases. If, for examgle, the room air 
entering the dehumidifier is at 74 F instead of 900 F, 
and at the same dew poin to, the maximum capacity be
comes almost 40% instead of 30.5%. For this reason 
it may be useful to sensibly cool air before it en
ters the dehumidifier. 

Regeneration is probably the most critical as
pect of solar desiccant dehumidification. From the 
isobars in Figure 5, one can see that in order to 
reach 101.1 capacity at ambient humidities, higher tem
peratures are required. In fact, if the inlet regen
eration temperature is not sufficiently high, the bed 
will continue to adsorb water rather than desorb it. 
Furthermore, when water is desorbed from the desiccant, 
the temperature of the regeneration air is lowered. 
Effective regeneration requires high temperatures, 
high flow rates, or long regeneration times. 

-' 
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DEHUMIDIFICATION CONCEPTS 

Desiccant dehumidifiers are available co~ercial
ly for extremely low-humidity applications in industry. 
They are rotary wheel-type units, with either packed 
desiccant in a bed or desiccant-impregnated sheets in 
laminar flow channels. They have not been designed for 
energy efficiency: fan power requirements are high, 
and the devices are sometimes even regenerated with 
electricity. Typical performance curves for these 
dehumidifiers are shown in Figure 8. 

Several solar desiccant dehumidification schemes 
have been proposed (3,4), ,but.without evidence that 
they will work. No one has addressed the major quest
ions of: how much desiccant is needed, what material 
is appropriate, what flow rates are necessary, can nat
ural convection really work, and what configuration is 
best? Some of these questions can be answered with 
simple heat and mass balances and using the equilibri
um analysis. 

The original Dannies wall (3) is a passive de
humidification scheme in which desiccant material is 
placed in the east and west walls of a house (Figure 
9). In the morning the sun heats the east wall, re
generating the desiccant that had adsorbed water on 
the afternoon before. Meanwhile, the west wall is de
humidifying the air flow into the house. The proces
ses are exchanged as the sun moves over to the west 
in the afternoon. 

'Some simple calculations will show that the sys-
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tem in Figure 9 would not work as well as it might 
appear. In a humid climate, processing ambient air is 
generally not the most efficient way to dehumidify when 
the internal loads are small, as in a residence. Rather, 
one would try to recirculate indoor air and air that 
has infiltrated the building and then mix that with 
the appropriate amount of fresh air in order to mini
mize the latent load. The ventilation mode of Figure 
9 would require a very large amount of desiccant to 
remove the moisture. 

The flows indicated in the Dannies wall would al
so be difficult to achieve. During regeneration, the 
driving force for natural convection is reduced due 
to the cooling effect of desorption. In fact, if the 
solar energy transfered to the air through the wall 
were small enough, a negative temperature gradient 
could result, with natural convection in the opposite 
direction. Furthermore, during dehumidification the 
heating effect from the heat of adsorption would tend 
to set up a natural convection flow in the direction 
opposite to that shown in Figure 9 for the west wall. 

One additional problem would be encountered dur
ing regeneration. In a long bed i"t is best to re
generate with a flow in the direction opposite to the 
dehumidification flow. This is true because of the 
loading profile in the desiccant after dehumidifica
tion. If regeneration air reaches the more humid 
sections first, those sections will desorb water, but 
that water will simply be re-adsorbed in the dryer 
sections at the end of the bed. Regenerating to a 
given loading would require more time if the 
dehumidification and regeneration flows are in the 

same direction. 

In order to illustrate what might happen 
in an "improved," fan-assisted Dannies ;.;all 
(Figure 10), equilibrium calculations were made 
USing the insolation and collector outlet tem
peratures in Table 3. The silica gel density 
in the wall is 2 lb/ft 2, and the air flow through 
a I ft wide section is 8.3 ft 3/minute. 
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Figure 8. Typical performance curves for a rotary
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For 900F and 60% relative humidity inlet air and 
a bed regenerated to 10%, the outlet conditions for 
five hours of dehumidification are 165°F and 650F DP. 
If this air is sensibly cooled to 85 FO, the resalting 
relative humidity is 50%. The amount of water cycled 
by the bed is given by the area under the last loading 
profile in Figure 7, or .887 lb of water per 1 ft of 
wall. In a 12 ft wide wall, 10.6 lb of water would be 
removed in 5 hours, and 2 x 10.6 = 21.2 lb of water 
removed per day (1.86 ton-hr cooling). The amount of 
desiccant necessary to do this is 240 lb. 

The loading profiles during regeneration are shown 
in Figure 11. At a certain point (hour 4), a minimum 
bed loading is reached. If air at a lower temperature 
is introduced into the wall, the bed will begin once 
again to adsorb water. Ifo the 6.5% average loading 
can be maintained until the next dehumidification cy
cle, the system performance will improve over the a
bove example, which assumed an initial loading of 10%. 

Table 3. Insolation on an east and west wall. 
Flat plate collector outlet temper-
atures - Miami, July 21 

Solar time Insolation Collector Outlet 
am pm Btu/hr ft2 (Tin=900F) 

0li' 

6 6 114 116.7 
7 5 197 136.1 
8 4 212 139.6 
9 3 190 134.5 10 2 146 124.2 

11 1 86 110.1 
12 9 92.1 

solar collector 

desiccant 

2 

N 20 . 
'"' 3 .. 
~15 

..... 
'0 
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0 

....:11 

5 

, -----_ ... 

1 4 
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(a) Average bed loading. 

Bed section 
(b) Loading Profiles. 

Figure 11. Loading profiles and average bed loading 
for regeneration. 

Figure 10. Improved Dannies wall. 
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From the previous analysis. it appears that 
desiccants can supply dehumidification in severe en
vironments if a sufficient source of sensible cooling 
is available. There is a great deal of work that 
must be done to determine the viability of dehumidi
fication concepts--the equilibrium analysis is only 
the beginning. 

At the Solar Energy Research Institute. we are 
investigating desiccant dehumidification in passive/ 
hybrid systems as well as active desiccant cooling. 
We are pursuing new desiccant materials whose adsorp
tion properties are specifically tailored to passive 
building applications. In addition to this, the heat 
and mass transfer models being developed for the ac
tive cooling program will be adapted in order to study 
design trade-offs for candidate passive systems. 
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WIND E~IRONMENTS IN BUILDINGS AND URBAN AREAS 

INTRODUCTION 

A. Bowen 
S. Gingras 

Department of Architecture and Planning 
University of Miami 

Coral Gables, Florida U.S.A. 

Wind, defined as air in motion, is an ever present element of 
the earth's environment. Depending on climate, man either 
makes use of the wind, protects himself from the wind, or does 
both according to the season. There are, then, advantages and 
disadvantages to the wind. Among the advantages, wind venti
lates, evaporates mOisture, dries surfaces, cools, and can be 
a source of power. Some of the disadvantages are the spread
ing of smoke and odors, increased penetration of water into 
surfaces, undesired cooling, and additional snow accumulation. 
Clearly, the study of Wind behavior can be of great importance 
in architectural planning. 

This paper ~nll begin with an explanation of the formation of 
global and local winds. Man and his needs for air movement 
will then be discussed, followed by Wind behavior in the built 
en'Tironment. The movement of air around a single building 
will be looked at from the aspects of protection from and 
utilization of the wind. Desirable air movement through a 
building will be explored. Attention will then be focused on 
groups of buildings, including wind behavior around tall build
ings and air quality and movement in rural and urban areas. 
The paper Will conclude with a discussion of undesirable winds. 
The topic of energy from wind is not within the scope of this 
paper. 

TEE NATURE OF GLOBAL TNI~1) SYSTEll!S 

Global air movement is governed by three forces: pressure 
gradient, coriolis, and frictional. These forces are most 
easily explained by beginning with the assumption of a 
stationa:ry globe of homogeneous surface texture. The earth, 
due to its approximate spherical shape, its elliptical orbit, 
and its angle to the orbital plane, receives differing amounts 
of solar radiation. That is, the equatorial region absorbs 

'the greatest amount of solar heat and the polar regions ab
sorb the least. Throughout the year, the area between lati
tudes JO~north and south gains a total of 1015 g-cal!sec by 
radiation, and the areas between 30.:t-north and south and the 
poles lose about the same amount, thus conserving the total 
amount of heat energy. (ref.l, p. 260) The earth then may be 
descri bed as a giant, if inefficient, heat engine in i'lhich 
potential energy in the form of temperature differentials is 
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converted into kinetic energy in the form of air motion. Air 
motion becomes a climate moderator, transferrinG excess equa
torial heat towards the polar regions and polar cold back 
toward the equator. 

This motion is accomplished by changes in the density of the 
atmosphere and the resultant atmospheric pressure differences. 
When air at the equator is heated, it tends to rise, creating 
greater density and thus greater pressure aloft, with corre
sponding lower density and pressure at the earth's surface. 
In the polar zones, cold air, which tends to sink, creates a 
high density, high pressure area at the surface and a relative
ly low pressure area in the upper levels. 

Air, behaving in the manner of fluids, flows from high pres
sure to low pressure. Assuming the stationary globe, there 
would exist a single circulating cell in each hemisphere, where 
the air rises at the equator, flows toward the upper level low 
pressure at the poles, sinks, creating a high pressure at the 
surface level, and flows from this high pressure area back to 
the surface low pressure at the equator. (see fig. 1) In 
reality, as can be noted in figures' 2a & b, thiS system is 
complicated by several factors. To begin with, the air rising 
from the equator actually cools long before reaching the poles. 
It sinks back to earth around the 30~to 356 latitudes, creating 
subtropical high pressure zones from which the air moves both 
equatorward and poleward to the surface low pressure zones. 
Similarly, cold polar air, moving towards the equator is 
heated sufficiently around the 60 D latitudes to rise, creating 
subpolar lows at the surface. The atmosphere, then, is com
prised of a series of varying pressure belts which are, at 
the surface level: low at the equator, high subtropically, low 
in the subpolar regions, and high at the poles. In the upper 
levels of the atmosphere the pressures are reversed. 

Air movement is further complicated by the rotation of the 
earth. The Coriolis force causes objects moving freely over 
the earth's surface to be deflected to the right from its 
point of origin in the northern hemisphere and to the left in 
the southern hemisphere. All objects on a rotating globe will 
move TRith the same angular velocity, but the circumferential . 
distance travelled will be greatest at the equator and go to 
zero at the poles. An object rotating with the earth at the 
equator travels approximately 25,000 miles~1n 24 hours (or 
about 1000 mph), while an object at the 60 latitude travels 
only 12,500 miles in 24 hours (or about 500 mph). An object 
moving northward in a straight line from the equator has an 
initial eastward velocity of 1000 miles per hour; as it 
reaches a higher latitude it will pass to the east of its 
destination, tnus effecting a deviation to the right. An ob
ject travelling south from the equator would have an opposite 
or leftward deflection. 
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(ref. 2, p. 179) 

Fig. 2b 
(ref. ~, p. 180) 
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Fig. 2a 
('ref. 2, p. 179) 
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The Coriolis force acts upon the pressure gradient air flow 
in the same manner, causing a series of predictable global 
Winds. (see fig. 3) In the equatorial region, areas of calm 
known as the doldrums occur due to the convergence of winds 
from the north and south. Major air movement here 1s in an 
upward direction, caused by solar heating. Poleward of the 
doldrums, the tradewinds, which originate in the subtropical 
highs are encountered. In a high pressure area, air c1rcu
lates in a clockwise direction (in the northern hemisphere) 
outward from its center. Air flowing from the subtropical 
high towards the equator creates winds which are deflected 
until they move from northeast to southwest in the northern 
hemisphere. These winds are characterized by the steadiness 
of their direction and speed, especially over the oceans. The 
average speed of the northeast trades over the Atlantic is 
estimated to be about 11 mph and that of the southeast trades 
to be about 14 mph. Also emanating from the subtrop1cal highs 
are the westerlies, which flow from southwest to northeast 
in the northern hemisphere towards the subpolar lows. At the 
poles, northeast winds move from the polar highs to the sub
polar lows. 

The friction of the earth's surface exerts a force on wind 
flow by creating turbulence 1n the lower layers of air. The 
degree of turbulence is dependent upon the veloCity of the 
air and the irregularity of the terrain. Turbulence at the 
surface level in turn creates disturbances in the flow pattern 
above, lowering the veloCity of the wind. Frictional forces 
are lowest over water; in these areas the Coriolis force has 
its greatest influence. Over land masses, the pressure gradi
ent force predominates. 

The global wind systems are greatly influenced by the conti
nents and oceans. The southern hemisphere, due to 1ts large 
expanses of ocean, has wind patterns which closely resemble 
the idealized patterns described above. In the northern 
hemisphere, however, temperature differences between conti
nents and·oceans cause major convectional disturbances. (see 
fig. 4a & b) Rather than continuous belts of high and low 
pressure, isolated pressure cells are formed due to the nature 
of air masses existing over land and ocean. Seasonal varia
tions occur as well. In Winter, the flow of warm westerlies 
up over cold polar air causes a sequence of pressure cells 
that characterize the weather in the northern hemisphere • 

THE NATURE OF LOCAL ~t/IND SYSTEMS 

Global winds are very often influenced or even superceded by 
local winds, usually dependent on local topographical features. 
There are several categories of these local persistent Winds: 
land and sea breezes, and anabatiC, katabatiC, and valley 
winds. 
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Fig. 4a 
(ref. 1, p. 265) 

, I:. July normal sCIl-Icvcl prcl'Surc, Northcrn Hcmi~phcrc. 
Fig. 4b 
(ref. 1, p. 266) 
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Land and sea breezes occur along coastlines. 'The air over 
land absorbs heat more quickly than the air over water. This 
warm air rises, allowing cooler sea air to flow in, producing 
the daytime onshore sea breeze. (see fig. 5) Usually the sea 
breeze begins between 10 and 11 am, reaches its maximum speed 
between 1 and 3 pm, and gradually subsides between 3 and 8 pm. 
At night the situation is reversed, because the water retains 
heat longer than the land. Thus, air over water, being rela
tively warm, rises, allowing the land air to flow out and pro
duce the nighttime offshore land breeze. Sea breezes tend to 
be stronger, because daytime temperature differences are 
greater; in North America they generally extend 10 to 15 miles 
inland. Where temperature differences are very large, for 
example, in Egypt, sea breezes will penetrate 40 to 50 miles 
inland. ( ref. ), p. 183) In addition, sea breezes are very 
often concurrent with, and thus reinforced by the prevailing 
winds. 

Anabatic and katabatic winds occur over mountain slopes. (see 
fig. 6) In the daytime, mountain slopes tend to heat more 
quickly than flat valley floors. The warm air rises inducing 
an upslope or anabatic flow. Anabatic winds develop on east 
facing slopes in the morning and west facing slopes in the 
afternoon. During the night, these slopes cool faster; the 
air sinks and flows downslope causing katabatic winds. Both 
these winds are dependent upon solar radiation and clear skies 
and will not develop when there is significant cloud cover. 
Winds in long narrow valleys tend to channel along the main 
axis of the valley, deviating as the valley turns and increas
ing in velocity as the valley narrows. (see fig. 7) 

hlJI1Al~ NEEaS FOR AIR 

The first requirement in terms of human needs for air must be 
an adequate supply of fresh air for breathing. The amount of 
air needed is, of course, dependent upon the number of expected 
occupants and the type of activities they will engage in. 
Studies quoted by Givoni have shown that concentrations of 
more than 3-4% carbon dioxide may be harmful to humans. (ref. 4 
p. 232) In buildings, such concentrations may be removed 
naturally or by mechanical air exchange devices where more 
consistent control is necessary • 

Air exchange needs may also be described in terms of human com
fort. The effect of air movement over human skin is a func
tion of the air temperature. Generally speaking, below 68c p 
air moving across the skin will draw heat away from the body 
too quickly, producing an undesirable cold effect. Between 
70 c and 78°F air movement is not necessary for human comfort. 
Above 78c p, it becomes increasingly desirable as a means of 
dissipating heat, first by conduction and then by accelerating 
evaporation of moisture from the skin's surface. Above 92 9 F, 
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which is skin temperature, air movement ~gain becomes undesir
able since it merely adds heat to the surface of the skin. 
These temperatures will vary depending upon the water vapor 
content in the air and human adaptation to it as discussed in 
"Physiological Objectives in Diagnostic Eio-climatology." 
It is evident, hO't'Tever, from this data that utilization of 
wind for human comfort is appropriate for temperate regions in 
summer and warm humid regions throughout the year. In temper
ate regions in winter and in both cold and hot arid regions it 
is necessary to consider protection from winds for human com
fort. 

WIND BEHAVIOR AROUND BUIIDINGS 

It will be useful to examine first the three basic types of 
air flow: laminar, turbulent, and separated. Laminar air 
flow consists of layers of air moving parallel to each other. 
(see fig. Sa) Turbulent air flow occurs when the air is mov
ing in the same general direction but with random pattern. 
(see fig. 8b) In separated air flOW, parallel layers of air 
vary in momentum. (see fig. Sc) Air flow changes from laminar 
to turbulent when it encounters sharp obstructions such as 
corners of buildings. Wind flowing over an obstruction will 
produce increased velocity in the layer next to it, creating 
a low pressure or suction area. (see fig. 9) The low pressure 
in turn causeS the boundary layer of air to return to its 
original position. The recovery time is a function of the 
smaller dimension of the obstruction and the velocity of the 
wind. For a 5-7 mph wind, air flow will return to normal at 
a distance from six to seven times the smaller dimension. For 
higher veloc1 ty winds, the recovery distance ,\,Till be greater; 
for lower velocity winds it will be smaller. 

Before examining wind behavior around the building itself, it 
will be necessary to study the effect of local topographical 
elements on wind flow since a knowledge of microclimatic condi
tions is essential to building design. The effect of these 
local elements is largely upon the velocity of the wind. 
Average wind velocities for most locations in this country may 
oe obtained from the ClimatiC Atlas of the United states in 
the form of wind roses. Local features will alter these 
averages for a particular site. For example, a hill with a 
gradual slope to windward will produce little turbulence but 
increased velocity at its crest. (see fig. 10) This increase 
is generally in the range of 20%. If the windward slope is 
steep and the leeward slope gradual, turbulence will occur 
below the Windward side of the crest and cause reduced air 
flow on the leeward side. Wind velocities on the site may be 
measured by portable anenometers or by visual estimation, 
referring to the Beaufort Scale. (see fig. 11) 
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Fig. 9 
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BEAUFORT SCALE 
Description of effects 

on land 

smoke rises; no perceptible 
movement 

smoke drift shows wind direction; 
tree leaves barely move 

wind felt on face; leaves rustle 

leaves, tw1gs 1n constant mot1on; 
hair 1s disturbed; w1nd extends 
light flag 

small branches move; dust r1ses; 
hair disarranged 

small trees beg1n to sway; force of 
wind felt on body; lim1t of agree
able wind 

over water 

smooth sea 

scale-like ripples 

small wavelets 

large wavelets; 
occasional white foam 
crests 

small waves become 
longer 

moderate waves; some 
spray 

large branches in motion; umbrellas large waves; more 
used w1th d1fficulty white foam crests 

whole trees in motion; inconven
ience in walking 

small branches broken off; walking 
is d1fficult 

slight structural damage 

trees uprooted; considerable 
structural damage; people blown 
over by gusts 

widespread damage 

hurricane; severe damage 

sea heaps up; wh1te 
foam blown in streaks 

wave crests break 
into sp1ndrifts 

high waves. 

tumbling of sea 
becomes heavy; sur
face is white 

h1gh waves obscure 
med1um-sized sh1ps 

a1 r filled with 
foam and spray 
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Vegetation, particularly large stands of trees, can have a 
marked effect on wind flow. Summertime measurements in a 
dense forest indicate that 100 feet into the forest w'ind velo
city is reduced by 20-40%; at 200 feet it is reduced by 50%; 
and at 400 feet it is reduced by 93%. (ref. 3,p. 188) Natu
rally, there Will be seasonal variations in these figures ex
cept where evergreen forests are under consideration. A 
clearing of sufficient size will produce good circulation with
in the area. At the Windward edge of a forest, an area of 
calm occurs below the air current which is being forced up
ward by the face of the trees. In many cases this calm area 
is larger than that produced on the leeward side of the 
forest, where eddies may create reversed air flow. 

The microclimate, particularly the Wind flow, around a build
ing is profoundly influenced by the building itself. As in 
the case of topographical obstructions, wind moving perpen
dicular to a simple rectangular building decreases in velocity 
when it reaches the face of the building. (see fig. 12) Pres
sure builds up on the windward side, pushing air around the 
sides and up over the top of the building. A portion of the 
wind, however, is diverted downward, creating an eddy at the 
windward base of the structure. At ground level, therefore, 
wind will be observed to move away from the buildin'g. This 
windward eddy will also move across the face of the building 
and around its corners. Increasing velocity produces a rela
tively low pressure zone along the sides parallel to the wind 
and on the leeward side efthe, building. A low pr.essure zone 
can also occur on the windward side of a, pitched roof, parti
cularly i! the angle of pitch is low. , 

Wind blolnng at an angle to the bu11ding creates a somewhat 
different situation. The air flow divides at the windward 
leading corner. Unless the wind is coming at a 45 () angle, 
conditions for the two lrlndward sides will vary, causing 
greater pressure on the side which meets the wind more closely 
to perpendicular. (see fig. 13) In such cases there will be 
less upward flow over the roof than when the wind blows nor
mal to the building. 

Some variations occur when more complicated building plans 
are encountered. For example, an L-shaped plan with the pro
jection to leeward will cause a large eddy to form in its re
cessed corner, prodUCing a reverse air flow on its sheltered 
side. (see fig. 14) 

Landscaping around a building can significantly affect air 
flow around it. 'Ilindbreaks or shel terbelts can be planted 
for protection from the wind. If increased air flow is de
Sired plants and trees can be placed to channel air flow to
wards a building. For wind control all year a combination 
of conifers and deciduous trees placed perpendicular to the 
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Fig. 13 
(ref. 4, p.256) 
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prevailing Wind provides the greatest reduction in.wind velo
city. Height should be uniform, and branches should extend 
as close to the ground as possible. Hind velocities may be 
reduced by 50% on the leeward side. (see fig. 15a & b) A 
windbreak i'Thich is less dense will affect wind flow for a 
greater distance to leeward. This is due to the fact that 
some of the wind passing through the windbreak remains in lami
nar flow and reduces turbulence on the leeward side. 

Plants can serve as an aid to natural ventilation in several 
ways. Figure 16 illustrates ho~'1 placement of hedges and hedge 
and tree combinations at various distances from the windward 
side of a building Will affect the flow through it. Velocity 
of air passing underneath the branches of a tree will be 
measurably incr;ased. Since the temperature of this air may 
be lowered by J-4oin summer, natural ventilation will be en
hanced by proper placement of trees to windward of the building. 
Hedges may also be placed so as to deflect air flow towards 
openings which are parallel to the wind. (see fig. 17) 

WIND BEHAVIOR IN BUIWINGS 

The movement of air through buildings is caused by the exist
ence of pressure differentials which have t~10 sources: tempera
ture differences and directional external air flow. Tempera
ture differences can create air movement in a building by the 
same prinCiple that causes air movement in the atmosphere. 
Warm air rising leaves a low pressure area into which the 
surrounding air will flow. In a building this is known as the 
stack effect. \'lhen there are onenings at different heights, 
and the interior air is warmer than the exterior air, the in
terior air will rise to the upper opening and flow toward the 
lower pressure zone outside. At the same time the low pressure 
zone left at the lower opening will pull exterior air into the 
building. (see fig. 18) The direction of flow Will be reversed 
when the exterior air is warmer than the interior. The dif
ference in pressure and the resultant wind force increases with 
increasing height between the openings. The amount of air 
flow may be estimated from the following equation: (ref. 7,p.112), 

(1 ) 

where !,.(=the rate of air flow in cu ft/hr; A=area 
of the inlets in sq ft; H=height between outlets 
and inlets in ft; ti=average temperature of the 
indoor air at the outlet in () F; and to=the aver
age temperature of outdoor air in 0 F. 

The constant value will be different if the area of the outlet 
is appreciably different from the inlet. (see table 1) It is 
eVident that single storey buildings will not profit much from 
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Area of outlets 
Area of inlets 

Value to be substituted for .-\rca uf outlets \'aluc to be substituted for 
540 in above expression Area of inlel~ 3150 in above expression 

5 
4 
3 
2 

i45 1:1 3150 

740 2: I ~OOO 

720 3: 1 4250 

680 .. :1 .. 350 

540 5: 1 +wo 

.. 1 
4 

! 
} 

~55 3:4 2iOO 
340 I'" 2000 

185 1 :4 1100 

" 

Table 1 Table 2 
(ref. 7, p. 112) (ref. 7, p. 104) 

Fig. 19a 

Fig. 19b 

Fig •. 20 
(ref. 8, p. 125) 
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the stack effect unless the temperature difference is very. 
great or a stack is created for this purpose. The natural 
stack effect then is less effective in warm humid climates 
where the temperature difference is slight. 

As external wind flol'1 around a building creates high pressure 
on the windiiard side and low pressure on the leeward side, if 
openings are provided on both Sides, the air will naturally 
flow from high pressure to low pressure. A greater pressure 
differential will create a greater wind force through the 
building. 

The rate of air change in a building is determined by the 
pressure difference and the effectiveness of the inlet and 
outlet openings. An approximate rate for inlets and outlets 
of equal size can be determined by the following equation: 
(ref. 7, p.104) 

Q=3150 AV 

where Q=the rate of air flow in cu ft/hr; A-the 
area of inlets in sq ft; and V=the Wind velocity 
in mph. 

(2) 

The constant value will agai'n be different 'if the sizes of the 
inlets and outlets differ. (s~e table 2) 

Where summer cooling is deSired, wind speed rather than total 
air exchange becomes the more important factor. Examining 
first a single space with openings on OPPOSite walls, studies 
by Givoni have shown that it is not always necessary to orient 
the building perpendicular to the prevailing wind for maximum 
wind speed within the building. If air 'flow throughout the 
space is deSired, orientation at an angle to the wind (parti
cularly 45~) is best. The wind entering at an angle will 
create turbulence, causing Circulation in the entire space. 
(ref. 4,p. 261) \-1i th perpendicular orientation, the air flow 
will continue straight through the space with little disturb
ance of the air on either side of the openings. (see fig. 19 a 
& b) This can be advantageous when orientation for solar 
radiation is conSidered. Often, orientation normal to the 
prevailing winds, for example the westerlies in much of the 
United States, creates a problem with sun control which can 
be solved by situating the building at an angle to the Wind 
and enticing air flow through building features. 

If it is necessary to face the building directly into the wind 
and if Circulation throughout the space is desired, it is 
pOSsible to locate the inlet opening so ~s to improve the air 
movement inside. (see fig. 20) If the inlet is placed as
symetrically on the windward wall, the pressure.build up will 
be greater on the larger Side. The air Will then flow into 
the space at an angle, alloinng greater circulation. Place-
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ment of the outlet does not alter the flow pattern appreciably. 

When openings are placed on adjacent rather than opposite 
walls, a perpendicular orientation is desirable. (ref.4, p. 261) 
(see table 3) When openings are placed on only one wall of 
the space, ventilation is greatly reduced due to the minimal 
pressure gradient. However, some improvements can be made by 
orientation, placement, and appendages to the openings, pro
vided the openings are on the windward side of the building • 
. (see fig. 21) Hhen the wind is flowing at an angle (45 0 is 
optimal) a small pressure gradient occurs along the wall. 
Increased air flow can be achieved by placing openings at the 
upwind and downwind ends of the wall. Much better results are 
realized when vertical projections from the openings are pro
vided. One projection is placed on the downwind side of the 
most windward opening, and another projection is placed on the 
upwind side of the other opening. This creates a high pressure 
zone upwind and a low pressure zone downwind. 

Velocity can be increased by creating a Venturi effect within 
the building by making the inlets smaller than the outlets. 
(see fig. 22 and table 4) The height of the openings will 
not affect the velocity. Inlet height, however, can be used 
to control the flow vertic~tly. It is important when cooling 
for human'comfort is desired to direct the (low to the level 
occupied by people. Hind velocity below an inlet may drop 
bf 25.%. ~'Jhen inlets are placed high, clerestori es for example, 
air flow will be above human height regardless of the place
ment of the outlet, except in the area, directly in front of 
the outlet. The most ideal conditions occur when cross venti
lation is prOVided both at the human level and near. the ceil
ing level to allow for the removal of hot air that has risen 
to the ceiling. (see fig. 23) 

The type of opening at the inlet also controls the direction 
of flow. A horizontally pivoted window, such as a jalousie 
or awning type, is the most favorable for directing air towards 
the floor or ceiling. Vertically pivoted windows will con
trol air flow horizontally. Use of double hung and horizon
tally sliding ltlndows will result in no directional control 
of the air stream. ~v'ii th standard casement windows, air flow 
is controll~d by which sash is opened. 

In regions where it is necessary to provide for air movement 
and to exclude rain, conventional horizontally pivoted windows 
are not really satisfactory. strong w'inds may drive the rain 
upwards and into the building, and at the same time, air move
ment is directed towards the ceiling. Large roof over~angs 
are a traditional solution to the problem. Research by Koenigs
berger, Millar, and Costopoulos has resulted in development of 
the type M louvre (see fig. 24) which will keep rain out at 
wind velocities of 9 miles per hour and allow horizontal air 
movement through the building. (ref.8, p. 127) 

AB 



140 

Effect of window location and wind direction on a\·era.f/e air \'elocities 
(per cent of external \'elocity) 

Inlet 
width 

1/3 
1/3 
2:3 
2/3 
1/3 
3/3 
2/3 
3/3 
3/3 

-.---
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2/3 39 40 
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(ref. 4, p. 267) 
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Fig. 22 

Fig. 23 

Effect of illiet alld outlet width 011 al'eruge ami maximum I'eloeities 
(percent of external willd speed) 

Inlet size 

Wind 1/3 2/3 3/3 direction· Outlet 
size 

Av. Max. Av. Max. Av. Max. 

1!3 36 65 34 74 32 49 
Perpendicular 2/3 39 131 37 79 36 72 

3/3 44 137 35 72 47 86 

113 42 83 43 96 42 62 
Oblique 2,'3 40 92 57 133 62 131 

3/3 44 152 59 137 65 115 

Table 4 
(ref. 4, p • 263) 
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Architectural elements close to inlets will also affect air 
flow. An overhang at ceiling height will increase velocity 
by gathering air that would normally floi.,. over the roof. If 
the overhang is placed at the top of the window, however, the 
pressure difference c.reated will direc t the air flow to the 
ceiling. A narrow opening in the overhang will equalize the 
pressure and allow horizon,tal flow. Studies by Gi voni have 
shown that when a 16 mesh, 30 gauge screen is placed in front 
of the inlet, an air speed of two miles per hour will be re
duced 50%; and air speed of ten miles per hour will be reduced 
25%. When the screen is moved several feet forward of the in
let, as in a screened-in porch, the wind has a chance to re
gain some of its initial velocity before reaching the inlet, 
thus providing better air flow inside. (ref.4, p. 275) 

Partitions within the space Will markedly affect ventilation. 
(see fig. 25) If a partition is placed near the inlet and 
perpendicular to the air stream, the flow around it will be 
slowed to a minimum. Partitions placed parallel to the air 
path, however, may split the flow pattern but have little 
effect on the air speed. Strategically placed partitions can 
be very useful in creating circulation throughout a room which 
might otherlnse receive only concentrated streams of air flow. 

WIND PATTERNS AROUND TALL BUILDINGS 

Special wind patterns are created when a tall building extends 
conSiderably above its surrounding. (see fig. 26) The air 
stream divides at approximately 2/3 the height of the bUild
ing. A portion of the air will flow over the top of the 
building; the rest is deflected downward. Part of this air 
forms a vortex; the remainder whips around the corners of the 
building. For a building four times higher than its neigh
bors, velocities may double those which would occur if the 
building were not there. iN'hen a building is raised on pilot1s 
or has a pedestrian pass-through underneath, a portion of the 
downward deflected wind will flow through, creating velOCities 
up to three times the normal. (see fig. 27) Referring to the 
Beaufort Scale ( fig. 10) the limit of agreeable wind on land 
occurs around 20 miles per hour. In an urban environment with 
tall buildings, this limit will occur at only 7-10 miles per 
hour. . 

WIND PATTERNS ~qOUND GROUPS OF BUILDINGS 

Where buildings are closely grouped together, air movement 
around those in the lee becomes a serious problem. Even where 
a distance of seven times the smallest dimension is maintained, 
if buildings are situated in parallel rows, perpendicular to 
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Fig. 26 

Fig. 27 

Fig. 28 
(ref.8,p. 129) 

CD 

02 -

~. =::::::::: 
. ~ \ ) . 

~~ 
Strong negative 

~) 
Fig. 30 
(ref. 8, p. 128) 

Fig. 29 
(ref. 8,. p. 129) 

.rH--- Row of porous pottery jars 

~~--- Charcoal on grating 

=====~~~ __ - Pool of water 

Fig. 31 
(ref. 8,p. 129) 
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the wind, it will have a tendency to pass over all of them, at 
the same time channeling between the rows at rather high velo
cities. «see fig. 2S) staggering the buildings in a checker 
board fashion allows more satisfactory flow. (see fig. 29) 
When the angle of the wind diverts from normal, a good deal of 
turbulence around the building will result making wind patterns 
less predictable. When a tall building is introduced into a 
group of buildings, increased circulation in the reverse di
rection will occur around those buildings in the lee of the 
tall building. (see fig. 30) Experiments in Texas have shown 
that the extent of the leeward turbulence depends on the 
building's height, shape, and roof slope but is not affected 
by wind velocity. (ref.S,p. 12S) 

Wind scoops may be useful in highly built up areas to capture 
air movement above the roof. Scoops are found in Egypt, a hot 
arid region, where protection from the wind would normally be 
necessary. A humidifier is introduced into the scoop in the 
form of porous water-filled jars. Some of the water evaporates, 

. cooling the air; the rest drips onto a charcoal grating through 
which the air is filtered. The cooled air causes a reverse 
stack effect. This device provides ventilation, but the force 
of the air movement is not strong enough to cool for human 
comfort. (ref. S,P. 129) (see fig. 31) 

WIND ENVIRONMENTS IN RURAL AND URBAN AREAS 

,The climate in urban areas'is distinctly different from that 
in rural areas in terms of temperature and wind behavior. The 
rocklike surfaces of the city tend to absorb more heat than 
soil and vegetal surfaces in the country. In addition, the 
varieties"of built' shapes in the'city act a,s absorbers, re-' 
flectors, and/or concentrators directing solar radiation to 
other surfaces. In rural areas solar heat is intercepted. by 
only the tops of plants and trees. Concentrations of people 
and the nature of their activities in cities tend to be heat 
producing elements in themselves. There is considerable 
reduction in wind velOCity in urban areas, because the city
scape presents much greater reSistance to wind flow than does 
open land,. Average wind velocities recorded over a twenty 
year period in Detroit show a reduction from 6.5 to 3.S meters 
per second. (ref.), p. 212) , 

Urban air tends to be warmest over the center of the city • 
This warm air rises, drawing the cooler country air in, creat
ing an air circulation system over the city. This Circulation 
is less apparent duri.ng the middle of the day when'rural temp
eratures approach urban temperatures. 

Industrial and automobile concentrations in urban areas emit 
large quantities of contaminants. Approximately SO% of solid 

'- , 
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Ltaminants remain suspended in still air. (ref.l0,p. 182) 
,rm air rising over the ci ty carries wi th it 'these contami-

;tnt particles. Continuous introduction of particles into 
~he system eventually results in a "dust dome". At night, as 
the air cools,.the particles tend to absorb moisture, forming 
smog. Under certain atmospheric conditions a thermal inver
sion- a warm layer of air traps a cool layer underneath it
may persist, causing increased concentrations of smog until 
rainfall or an external wind system can disperse it. (see 
fig. 32) 

UNDESIRABLE HINDS 

There are several levels on which winds may be considered 
undesirable. As noted above, when air temperatures rise 
above 92c, Wind becomes undesirable from a bio-climatic 
standpoint. Refe,rring again to the Beaufort Scale (fig. 11), 
wind becomes increasingly functionally undesirable from 5 mph. 
Finally, Winds become structurally and physically hazardous at 
velocities over 50 mph. Suc'h winds are most often encountered 
in tropical storms, hurricanes, and tornadoes. 

Tropical storms carry winds of 55-74 mph and may develop into 
hurricanes with Winds from 74-200 mph. At the center, or eye, 
of a hurricane the pressure is extremely low but rises rapidly 
towards the outer edges. The large pressure gradient produces 
high winds, blowing counterclockwise in the northern hemi
sphere and clockwise in the southern hemisphere. Hurricanes 
affecting North America develop in the southern part of the 
North Atlantic, the Caribbean, the Gulf of Mexico, and the 
northern portion of the Pacific, off the west coast of Mexico. 

Buildings in hurricane area~ are subjected to tremendous later
al forces from all directions, and all components must be 
strong enough to withstand the wind. Roofs, canopies, and some 
shading devices are subjected to very high uplifting forces. 
Single storey light construction, such as timber, may be in 
danger of its mass being less than the suction force of the 
storm. Concrete construction with its high dea.d ,load is safer. 
Rapid and extreme changes of pressure as the storm passes over 
may cause damage if the building is too well sealed. As the 
center of the storm passes, the building may explode. 

Tornadoes are the most violent atmospheric disturbances, 
carrying winds of up to 500 mph. 'They are usually produced 
during extremely unstable air conditions, such as those occur
ing ahead of advancing cold fronts. Tornadoes most commonly 
develop in the Nississippi Valley where descending polar air 
'eets tropical air moving up from the Gulf of Mexico. It is 
'possible to predict other than on a general basis where a 

"nado ~Ti 11 strike. 
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Particles of dust and smoke enter the air as a result at activ1t1es 1n large c~t1es. 
Air tends to rise over the warmer center city and settle over the cooler· surroundings, 
so that a circulatory system develops. The resulting, dust dome persists, signif
icantly affecting the city's climate, until heavy rain or strong winds remove it • 

.. . . . . , ...... ~ ......... ---..... ~ ......... -- .. , . . . , 
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. " 
THE~~AL INVE~S!ON. common in Los Angeles, is the main meteorological factor in smog 
fo~mation. Except in an inversion, air temperature decrease with height (darker 
tones indicate cooler air); the warm surface air rises, carrying pollutants away, 

r-' -
I 

warm desert air and is trapped. 
The normal temperature gradient is reversed in the inversion layer, the base of which 
(at the sur'face in this drawing) forms a lid over the city, concentrating pollutants • 

PERSISTS until th~ weather changes, as when the warm air is high enough to 
permit the cool sea air to escape and carry away the accumulated smog, Thermal inver
sions occur in Los Angeles about 100 d::Jys a year, but they are also common elsewhere. 
Fig. 32 
(ref. lO,p.187) 
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AIR ~IOVEI1?::NT AND BUILDING DESIGN IN 1 .. 1ARM HUNID CLIMATES 

For climatic conditions which have high temperatures with high 
humidities, the requirements in terms of air movement are quite 
different from those of hot and dry conditions~ For average 
air temperatures not below 66cp with maiximum temperatures 
ranging between B5 0 -100 cp and annual mean temperatures about 
BO'P coupled with a very high humidity, frequently above 90%, 
the cooling aspect of air movement becomes very important. 
Air movement in these conditions generally promotes cooling of 
the body through evaporation, conduction, and convection. 

The predominance of high humidity requires a correspondingly 
high velocity to increase the efficiency of sweat evaporation 
since air movement replaces the saturated air in contact with 
the skin with fresh air from outside. Thus, a fairly continuous 
air movement over the skin becomes the primary comfort re
quirement and affects all aspects of building design, such as 
orientation, size, and location of openings. 

Building design in warm humid climatic conditions should pro
vide for continuous and efficient ventilation,g,llowing for 
control in case of excessive uncomf-ortable air movement, offer 
protection from solar radiation and rain penetra~ion, and pre
vent internal temperature rise during the day. All occupied 
areas of the building-ideally should have adequate openings 
on both windward and leeward sides to facilitate cross ventila
tion. Openings should be sized to create the desired Venturi 
effect for maximum internalve10clty. In general, open plan
ning and wide free spaces between buildings help to achieve 
good ventilation. 

It is necessary to shade and protect the large area of openings 
that are required for ventilation in the warm wet climates. 
Shade is required not only against direct solar radiation but 
also against deflected and diffused radiation. Thebuilding 
envelope should be protected as much as possible from-the radia
tion effect. Trees, bushes, wall shades, roof prjections, and 
screens should be used. Since a strong radiational thermal 
impact occurs on the roof, a ventilated double roof is desirable. 

In summary, the heat exchange system involved in the building 
design for warm humid cl:imates can be described by saying that 
the building is heated during the day through its shaded en
velope, and comfort conditions are maintained for the occupants 
through evaporative cooling by air movement. Air movement here 
is more important than insulation from heat. 

AIR -~10VENENT AND BUILDING DESIGN IN HOT AND DRY CLII"lATES 

The requirements for comfort in terms of air movement for hot 
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dry climatic conditions involve protection from air movement. 
The follo~"ing suggestions are limi ted to an air temperaoture c; 

range of 40°F, with day temperatures rising between 100-125 F 
and night temperatures falling between 50~75°F, and a very low 
relative humidity. 

Due to the very hot outdoor temperatures, air movement over the 
body surface gives heat to the body through conductive and 
convective heat transfer instead of taking heat away from the 
body and cooling it. Also, due to the dryness of the air, 
sweat evaporation of the body for evaporative cooling is ade
quate even without air movement around the body. Natural venti
lation as obtained through the open windows is thus to be dis
couraged since internal temperatures would closely follow the 
changes in outdoor air temperatures. Also, this would result 
in heating of the building envelope. This is only true for 
ventilation conditions during the day, when efforts should be 
made to keep the interior air cool or to retain its coolness 
while maintaining required ventilation for health standards 
and odor removal. At night, with the drop in outdoor tempera
tures below the level of indoor temperatures, the ventilation 
of the indoors needs to be encouraged for the purpose of rapid 
cooling of the interior through convection and conduction. 

In planning for hot dry climates, buildings need to be built 
in clusters, close to one another for mutual shading and insu
lation and to expose a minimum surface to radiation and hot 
a.1r movement. THalls and roofs should be constructed preferably 
of heat storage capable materials such as bricks or stone. 
Openings in ~lalls need to be adjustable for both day and night 
conditions so that during the:day openings will be sufficient 
only for minimU!Il ventilation to maintain health standards and 
to restrict the entry of hot outdoor air. At night, windows 
should be opened fully for cooling ventilation. 

'I-he most important consideration for achieving comfort condi
tions in buildings in hot dry climates is to reduce the day 
temperatures. A north-south orientation of the longer walls 
helps considerably in reducing the wall area exposed to high 
solar radiation from the east and west. Increasing the re
flectivity of the building envelope and reducing the reflectiv
ity of areas around the building by use of plant cover helps 
to reduce the radiational impact on the building. 

The heat exchange system for buildings in hot dry climates, then, 
¥ involves the building being heated during the day only through 

the insulated external envelope. Insulation, here, is more 
important than'air movement. On the other hand, at night, the 
building interior is cooled mainly by air movement through 
openings. 
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INVESTIGATIONS INTO GROUND CLIMATE AS AN 
ALTERNATIVE THERMAL BUILDING ENVIRONMENT 
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New Haven, Connecticut 

ABSTRACT 

Keith Harrington 
ARGA Associates 

New Haven, Connecticut 

In comparison to the week-to-week irregularities of 
weather experienced above ground, the climate of the 
soil is relatively predictable and varies little from 
year to year. This paper describes a mathematical 
model for estimating the temperature of a selected 
vertical profile in the soil, under undisturbed ther
mal conditions. The profile can be selected to 
correspond to the depth of placement of various sub
grade walls. Synthes~zed profile temperatures for 
several different geographic regions are presented. 

Although this model cannot be used to predict heat 
loss in the form given, it is believed that it pro
vides an expedient method for comparing the elements 
of above and below ground climates in the overall 
assessment of design alternatives. Some suggested 
uses of the model are presented, with particular 
reference to earth pipes and determining degree day 
assignments to different soil profiles. 

INTRODUCTION 

Heat exchange between underground structures and the 
earth has received little attention until the past 
few years. Even less attention has been directed 
toward assessing the heating and cooling advantages 
of earth sheltered construction and earth pipes in 
relation to other more conventional design practices. 
One way to compare the amenities of the· subsurface 
climate with that of the surface is to directly 
juxtapose normals of air and ground temperature. 
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Soil temperatures within the field of influence of an 
underground structure are altered by heat losses (and 
gains) from the building. Although this can be 
modeled, the theory is very complex [1], and the 
problem does not lend itself to an impartial climatic 
analysis, since certain assumptions about the building 
itself must be made. Temperatures of undisturbed soil, 
on the other hand, are fairly easily predicted; these 
can be modeled at individual depths and can also be 
averaged over a range of depths to yield a temperature 
that is representative of the profile as a whole. 
undisturbed soil temper"atures in themselves do not 
create the actual driving force for heat transfer, 
since the overall system is dynamically interactive. 

Undisturbed ground temperatures do represent ultimate 
bounds for the driving potential, however, so they 
can be used to determine the limitations of the 
ability of the earth to aid in the heating and cooling 
of structures. Because of the ease and repetiveness 
of calculating temperatures at different depths, the 
model readily lends itself to electronic computational 
techniques. By varying the input parameters, a 
regional analysis of ambient ground temperatures can 
be conducted. This paper explains the procedure and 
presents computer-synthesized ground temperature data 
for six different climatic regions in the contiguous 
United States. 

GROUND TEMPERATURE AT DEPTH x 

In most parts of the continental United States, the 
temperature of the ground can be estimated acceptably 
by the expression, 

(1 ) 
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temperature of soil at depth x and time t 
mean annual earth temperature 
amplitude of surface temperature wave 
depth below surface 2 
thermal diffusivity of soil (ft/day) 
time of year (days) 
phase constant (days) 

The accuracy of this model is in large part determined 
by how closely the variables Tml ASI and K can be 
approximated. Despite the simplification of the 
problem, most researchers have found that the model 
provides agreement within about 2F of field conditions, 
when the variables themselves are determined from 
field observations [2]. Field data is not available 
from more than a few locations, most of which are far 
removed from urbanizing areas. These input values 
must therefore, be estimated. For the most part, this 
may be accomplished satisfactorily by approximation 
from published air temperature normals [3]; "plug-in" 
values are discussed in reference [4]. 

Among the most unknowable of the parameters in the 
model is the thermal diffusivity of the soil. Analysis 
by researchers at the National Bureau of Standards 
indicates that an average value can usually be used 
with acceptable accuracy, and that even large errors 
in the value assigned to K will generally result in 
an error of only ± IF or 2F for the average profile 
temperature [3]. It was felt adequate for the present 
analysis to assume a constant K for all locations of 
0.6 ft 2/day. This value represents a time lag of the 
temperature wave in the soil of approximately one week 
per foot. The other values assumed for each region 
presented here are given with the synthesized ground 
temperatures in Tables 1-6. The significance of 
variations in, and influences affecting, the param
eters of the model are discussed in detail in refer
ence [2]. 
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AVERAGE TENPERATURES OF PROFILE H 

The average temperature of any selected soil profile 
H is found by integrating Equation (1) with respect 
to depth, and dividing this by the height of the 
profile: 

where 

a = upper bounds of profile H 
b = lower bounds of profile H 

r = 06~K 

The procedure for determining the integrated average 
temper~ture of a soil profile was first introduced 
by Kusuda and Achenbach, in a paper examining the 
profile extending from the surface to a depth of 10 
feet [3]. Summary data obtained by this method are 
given for reference in ASHRAE Applications, and 
seasonal data for over 400 stations have been 
synthesized for use in estimating heat losses from 
underground heat distribution systems [5]. 

A degree day value can be assigned to any selected 
profile by subtracting the average profile tempera
ture from a chosen base reference temperature. 
Summation of the daily profile degree days yields 
monthly and annual degree days. This may be computed 
by mathematical or numerical integration of Equation 
(2) with respect to time. Base 65F has been selected 
here for consistency with published 65F heating degree 
day normals. 

.. 
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LIMITATIONS 

At a glance at any of Tables 1-6, it is possible to 
immediately ascertain a) the upper limit of the 
temperature differential established by the earth for 
basement (0-6 feet) and fully subgrade (2-12 feet) 
profiles, b) if a useful cooling potential exists in 
the ground during summer months, and c) at what depths 
this potential is the greatest, as for the most 
advantageous placement of earth pipes. Since the 
tables present temperatures that are lower than those 
which would exist immediately adjacent to a heated 
underground structure, their use for calculating heat 
loss would ultimately result in oversizing of mechani
cal equipment. As a measure of reductions in heating 
load, the driving force presented by the undisturbed 
profile temperature is a conservative indicator of 
possible energy savings. The degree day reductions, 
therefore, represent a least amount of energy savings, 
and not the actual savings that might be anticipated. 

Underground degree days and their above surface 
counterparts are necessarily different because of 
their unlike thermal media, so the relationship 
between these should not be taken too literally. Con
ventional heating degree days (HDD) based on a 65F 
reference air temperature provide simply a measure of 
the number of degrees below 65F that the average air 
temperature falls on a given day, or as accumulated 
over some time period. Degree days do not account for 
the effects of solar radiation, infiltration, thermal 
mass, or other features that vary from building to 
building. In the past, with poorly insulated and 
leaky houses, a linear relationship was assumed 
between base 65F HDD (roughly corresponding to the 
lower limit of the comfort zone, plus some "free" 
heating supplied by solar energy and internal gains) 
and heating demand. With more solar and conservation 
efficient designs, however, this relationship has been 
struck down; each house has its own "balance point," 
or degree day reference base to which a linear rate 
of fuel consumption can be related [6]. This can be 
53F or possibly lower for even a just well-insulated 
builder house. Identical houses in different climatic 
regions can be expected to assume different balance 
points, and the habits of occupants will also affect 
fuel consumption as a result of determining internal 
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heat gains. This will be especially true of the new 
superinsulated houses which depend largely on 
miscellaneous internal heat production for space 
heating. 

Degree day values generated by summing the tempera
tures of a soil profile under a 65F base similarly 
provide an abstract index of "ambient" temperature 
climate. The relationship between underground degree 
days and fuel consumption for heating and cooling 
will also depend on physical design of the structure, 
including window area and orientation, relationship 
between roof and wall area, exposed versus earth 
sheltered perimeter, and location and thickness of 
insulation. Underground heating degree days (UGHDD) 
are presented here not as a fuel consumption index, 
but as a means of comparing accumulated above and 
below surface temperatures. The fact that unstable 
air has a significantly higher conductive capacity, 
or thermal admittance (the square root of the product 
of conductivity and heat capacity), than soil suggests 
that an air degree day is "bigger" than an earth 
degree day [2]. This would account in part for the 
heat storage effect of the ground in retarding heat 
loss~ but the numerical relationship between these 
is 1.!nknown. 

Because a heated underground structure will have a 
warming effect on its surrounding soil, the cooling 
potential of the earth in contact with subgrade walls 
will not be as great as indicated by the tables. The 
temperature of an undisturbed 2-12 foot soil profile 
in Atlanta falls marginally below the comfort zone in 
late summer; earth in contact with subgrade walls will 
be somewhat warmer, so earth here will not serve as a 
very useful heat sink. Such considerations must be 
kept in mind when interpreting the synthesized data. 

ASSUMPTIONS 

For the purpose of registering the phase of the 
sinusoidal earth temperature wave within the calendar 
year, it has been assumed that surface temperature 
maxiffia and minima follow 1/8 cycle behind the respec
tive maxima and minima of solar heat flux, in accord 
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with periodic heat conduction theory. Examination of 
least squares analyses of observed ground temperature 
data reported by Kusuda [3] generally supports this 
theory; in any event, the range of error (7-10 days) 
is so slight that it would not affect the tabulated 
results by more than 1/2F. The respective dates taken 
for surface temperature maximum and minimum are Febru
ary 4 and August 6. 

Values for Tm and As have been estimated from air 
temperature data or obtained from ground temperature 
records for those regions for which these exist 
(Minneapolis, Phoenix, Lexington). Tm and As are 
dependent on a number of locally variable factors, 
including aspect and surface cover type. Each region, 
therefore, has a range of ground microclimates, so the 
values selected for use here are intended to typify 
average conditions. They may not conform exactly 
to actual observations at any station within a region, 
but the margin of disagreement is not expected to 
exceed two or three degrees. Sod cover is assumed. 

PRESENTATION OF RESULTS 

Synthesized earth temperatures for six different 
climatic regions are presented in Tables 1-6. 
Temperatures at seven different depths, plus average 
temperatures by month and computed annual degree days 
for 0-6 and 2-12 foot profiles are given. Also con
tained in the tables are design (air) temperatures 
reported in ASHRAE Fundamentals [7], and mean daily 
maximum, average, and minimum air temperatures for 
the 21st day of each month, as reported in 
Climatography of the United States [8]. This juxta
position of above and subsurface temperatures allows 
one to quickly assess the merit of various earth 
tempering techniques. A graphic interpretation of 
the tabular data is offered in Figures 1 and 2, for 
New York City. 

Air has very little heat capacity, so its temperature 
is closely related to heat exchange at the ground sur
face. Normally, air temperature at heights just above 
the ground closely mirrors that of the ground surface. 
A snow cover, however, acts as an insulative layer that 
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effectively disconnects much of this exchange. 
Deprived of ground heating, air temperatures in 
northern states fall far below surface temperatures 
beneath the snow blanket. This explains the wide 
disparity between winter (air) design temperatures 
and the comparatively stable, warmer temperatures of 
the ground, even at the shallow 2 foot level. 

It should be noted that the average temperature of 
the soil profile varies considerably throughout the 
course of a year. In Minnesota, which possesses the 
greatest surface temperature amplitude of the six 
cities, the annual range over the 2-12 foot depth 
is a full 20F--hardly stable, as is often supposed. 
The temperature range of the 0-6 foot profile is even 
greater, at 34F. Because the same thermal diffusivity 
and phase constant have been assumed for all cities, 
the maximum and minimum temperatures of the 2-12 foot 
profile are predicted to occur in each case on Septem
ber 17 and March 18, respectively. The corresponding 
extrema for the 0-6 foot profile are August 24 and 
February 23. These represent lag times of only 42 
and 19 days, again, cQnsiderably less than the three 
months or so associated with the 12 foot depth. 

SUMMARY AND CONCLUSION 

A method has been presented whereby ground temperatures 
can be synthesized at individual depths and averaged 
over designated soil profiles at any time of year. 
Synthesized data for six different regions are 
presented in juxtaposition with simultaneous air 
temperatures. It is believed that this juxtaposition 
provides useful insights into some aspects of exploit
ing the earth as an alternative thermal environment. 
Detailed analysis and interpretation of the data is 
not offered because such interpretation would depend 
largely on the specific interest of the inquirer; a 
designer of earth pipes, for instance, would interpret 
the climatic data differently than might a builder 
considering the underground placement of an inhabited 
structure. 

More importantly, the evaluation of the suitability of 
the underground as an alternative building environment 

.. 
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requires comprehensive analysis of the above ground, 
to which it is being considered as an option. This 
is an area which in itself has not been fully examined 
by architects and engineers. A comparative analysis 
of various climate control strategies and a host of 
physical implementation devices is currently being 
prepared for the National Association of Horne Builders 
Research Foundation [9]. A paper describing this 
program, and the range of passive control strategies 
available to the designer, is found in reference [10]. 
The latter places particular emphasis on issues 
related to earth tempering practices. 

The broadest conclusion to be drawn from these studies 
is that earth tempering alone is seldom sufficient in 
itself to promote comfort conditions. Heating and 
cooling are usually still necessary, although the mag
nitude and nature of demand is significantly altered 
in comparison with above ground demands. Earth tem
pering can make a significant contribution toward 
reducing energy demands in new construction but, taken 
as a whole, attention must primarily be given to the 
integration of earth tempering with other passive 
design practices. The most successful exploitation 
of subsurface climatic amenities will always be a 
matter of effective design. 
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TABLE 1 01 TY : ATLANTA t GA 

Tm = 61 TEMPERATURE ON 21ST DAY OF 

As = 18 I J F M A M J J A S 0 N D 

DAILY MAX . 52 55 62 13 80 85 81 86 80 11 60 51 
r::r: DAILY AVG 43 46 52 63 10 11 18 11 11 61 49 43 H 
< 

DAILY MIN 34 36 42 53 61 68 10 68 62 50 39 34 

2 48 41 49 54 61 68 13 15 13 68 61 54 
4 53 50 50 53 58 64 69 12 12 69 64 58 

A 6 :z; 56 53 52 54 '57 62 66 69 10 69 65 61 
!=) 8 58 56 54 55 57 60 63 66 68 68 66 65 0 
r::r: 10 60 58 56 56 51 59 61 64 66 66 66 64 0 

12 61 59 59 51 51 58 60 62 64 65 65 63 
15 62 61 59 59 58 58 59 61 63 64 64 64 

PROFILE AVG 0-6 51 49 50 54 60 66 11 13 12 68 62 56 
PROFILE AVG 2-12 51 54 54 55 58 61 65 68 68 61 65 61 

PROFILE TEMPERATURE, MAXIMUM 0-6 ~DAY 236): 1.'2 
2-12 DAY 260) : 68 

PROFILE TEMPERATURE, MINIMUM 0-6 ~DAY 54 ~: 4~ 
2-12 DAY 77 : :24 

ANNUAL HEATING DEGREE DAYS (BASE 65) AIR: ~126 
0-6: 2210 
2-12: 1113 

WINTER DESIGN TEMPERATURE (DBT) , AIR 99%: 11 
97~: 22 

SUMMER DESIGN TEMPERATURE (DET) , AIR 5%: 90/ 13 
(wi COINCIDENT WBT) 2i%: 92/ 14 

1%: 94/ 14 

SUMMER DESIGN TID1PERATURE (WET), AIR 5%: 15 
2i%: 1~ 
1": 11 
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TABLE 2 CI TY : LEXINGTON, KY 

TEMPERATURE ON 21ST DAY OF 

As = 22 I J F M A M J J A S 0 N D 

I DAILY MAX 41 46 55 68 77 85 87 85 78 67 33 42 
~I DAILY AVG 33 36 45 57 66 74 76 75 67 56 42 34 
0::: 

i DAILY MIN 24 27 35 47 55 64 66 64 56 45 51 26 
i 2 43 41 43 50 sa 67 73 75 73 67 59 50 
I 4 48 45 45 49 55 62 68 71 71 68 62 55 

~ 6 52 48 47 49 53 59 64 67 69 67 63 58 :z; 
:;:, 8 55 52 50 50 52 54 61 64 66 66 64 60 0 
~ 10 57 54 52 51 53 55 59 62 64 65 63 61 c.; 

12 59 5654 53 53 55 57 60 62 63 63 61 
1 5 60 58 56 55 54 55 56 58 60 61 63 61 

PROFILE AVG 0-6 45 43 45 50 57 65 70 73 72 67 60 52 
PROFILE AVG 2-12 53 50 49 51 54 58 63 66 67 66 62 58 

PROFILE TEI1PERATURE, MAXIMUM 0-6 ~DAY 236) : 73 
2-12 DAY 260) : 67 

PROFILE TEMPERATURE, MINIMUM 0-6 ~DAY. 54 ~: 43 
2-12 DAY 77 : 49 

ANNUAL HEATING DEGREE DAYS (BASE 65) AIR: 4729 
0-6: 3204 
2-12: 2646 

VITNTER DESIGN TEMPERATURE (DBT) , AIR 99%: 3 
97~: 8 

SUMMER DESIGN TEMPERATURE (DBT) ; AIR 5%: 88/ 72 
(wi COINCIDENT WET) 2~: 91/ 73 

1%: 93/ 73 

SUMMER DESIGN TEMPERATURE (WET), AIR 5%: 75 
2~: 76 
1~: 11 

.. 

.. 
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TABLE 3 CITY: MIAMI, FL 

Tm = 75 TEMPERATURE ON 21ST DAY OF 

As = 13 J F M A M J J A S 0 N D 

DAILY MAX 75 77 80 83 86 88 89 90 88 84 79 76 
et: DAILY AVG 67 6e 72 76 78 81 82 83 81 77 71 68 H 
<: 

DAILY MIN 59 59 64 68 71 74 76 76 75 70 63 59 

2 66 65 66 70 75 80 84 85 84 80 75 70 

§I 
4 69 67 67 70 73 77 81 83 83 81 77 73 
6 71 69 69 70 72 75 78 81 81 80 78 75 

81 8 73 71 70 70 72 74 77 79 80 80 78 76 
et: 10 74 73 71 71 72 73 75 77 78 79 78 77 t.!:I 

12 75 74 72 72 72 73 74 76 77 78 78 77 
15 76 15 74 73 73 73 74 75 76 77 77 77 

PROFILE AVG 0-6 68 66 67 70 74 79 82 84 83 80 76 72 
PROFILE AVG 2-12 72 70 70 71 73 75 78 79 80 79 77 75 

PROFILE TEMPERATURE, NAXIMUM 0-6 ~DAY 236): 84 
2-12 DAY 260): 80 

PROFILE TEMPERATURE, MINIMUM 0-6 ~DAY 54 ~: 66 
2-12 DAY 77 : 70 

ANNUAL HEATING DEGREE DAYS (BASE 65) AIR: 285 
0-6: 0 
2-12: 0 

WINTER DESIGN TEMPERATURE (DET) , AIR 99%: 44 
97~: 47 

SUMMER DESIGN TEMPERATURE (DET) , AIR 5%: 89 / 77 
(wi COINCIDENT WBT) 2~: 20 / 77 

1%: 91/ 77 

SUMMER DESIGN TEMPERATURE (WBT) , AIR 5%: 78 
2"': 79 
1": 79 
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TABLE 4 CITY: MINNEAPOLIS, MN 

TEMPERATURE ON 21ST DAY OF 
! 

As = 25 I J F M A M J J A S 0 N D 
I DAILY MAX 21 28 39 59 70 79 83 80 69 59 37 25 

~ DAILY AVG 12 18 31 48 59 6S 72 69 58 H 48 29 17 < 
DAILY MIN 2 9 22 37 48 58 62 59 47 37 21 9 

I 2 31 28 31 38 48 58 65 68 65 5S 49 39 
4- 36 33 33 37 45 52 60 63 63 59 52 44 

A 6 41 37 36 38 43 49 55 59 60 58 54 48 
§I 8 44 41 38 39 42 46 51 55 57 57 55 50 
~ 10 47 43 41 41 42 ~ 45 49 52 55 55 54 51 

12 49 46 43 42 43 44 47 50 53 54 54 52 
15 50 M3 46 44 44 45 46 48 ;0 52 52 52 

PROFILE AVG 0-6 34 31 33 39 47 55 62 65 63 58 50 41 
PROFILE AVG 2-12 42 39 38 39 43 48 53 57 58 57 53 48 

PROFILE TEMPERATURE, MAXIMUM 0-6 (DAY 236): 65 
2-12 (DAY 260):~ __ 

PROFILE TEMPERATURE, MINIMUM 0-6 (DAY 54): 31 
2-12 (DAY }7): 38 

ANNUAL HEATING DEGREE DAYS (BASE 65) 

WINTER DESIGN TEMPERATURE (DBT), AIR 

SUMMER DESIGN TEMPERATURE (DBT), AIR 
(wi COINCIDENT WET) 

SUMMER DESIGN TEMPERATURE (WET), AIR 

AIR: 8118 
0-6: 6205 
2-12: 6205 

9996: -16 
97~: -12 

5%: 86/ 71 
2~: 89 / 73 

1%: . 92 / 75 

5%: 73 
2~: 75 

1%: 77 

.. ' 

.. 
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TABLE 5 CITY: NEW YORK, NY 

Tm = 53 TEMPERATURE ON 21ST DAY OF 

As = 22 J F M A M J J A S 0 N D 

DAILY MAX 37 40 49 62 71 81 85 81 74 63 51 39 
t:r: DAILY AVG 32 34 42 54 63 73 77 74 67 56 45 34 H 
< 

DAILY MIN 26 28 36 46 55 65 70 67 59 49 39 28 

2 38 36 38 45 53 62 68 70 68 62 53 45 

AI 
4 43 40 40 44 50 57 63 66 66 63 57 50 
6 47 43 42 44 48 54 59 62 64 62 58 53 

81 8 50 47 45 45 47 51 56 59 61 61 59 55 
t:r: 10 52 49 47 46 48 50 54 57 59 60 58 56 c!) 

12 54 51 49 48 48 50 52 55 57 58 58 56 
15 55 53 51 50 49 50 51 53 55 56 57 56 

PROFILE AVG 0-6 40 38 40 45 52 59 65 68 67 62 55 47 
PROFILE AVG 2-12 48 45 44 46 4953 58 61 62 61 57 53 

PROFILE TEMPERATURE, MAXIMUM 0-6 (DAY 236) :_-7'68:.--_ 
2-12 (DAY 260): 62 ---

PROFILE TEMPERATURE, MINIMUM 0-6 (DAY 54) :_-'7'38:,--_ 
2-12 (DAY 77) :_.....:...44~_ 

ANNUAL HEATING DEGREE DAYS (BASE 65) 

WINTER DESIGN TEMPERATURE (DBT), AIR 

SUMMER DESIGN TEMPERATURE (DBT), AIR 
(wi COINCIDENT WET) 

SUMMER DESIGN TEMPERATURE (WET), AIR 

AIR: 5162 
0- 6: 4522 
2-12: 4380 

99%: 11 
97i%: 15 

5%: 
2~: 

1%: 

81 / 72 
89/ 73 
92/ 74 

5%: 74 
2i%: __ 75~_ 
1~:~ 



i 

168 

TABLE 6 CITY: PHOENIX, AZ 

Tm = 70 TEMPERATURE ON 21ST DAY OF 
As = 20 I J F M A M J J A S 0 N D 

DAILY MAX 65 70 75 85 94 103 105 102 97 86 72 65 
~ DAILY AVG 51 56 61 69 78 86 92 88 83 70' )9 52 H 
<: 

DAILY MIN 38 42 46 53 61 69 76 75 68 55 43 38 

2 56 54 57 62 70 78 84 86 84 78 70 63 
4 61 59 )9 62 67 74 79 82 82 79 73 67 

A 6 64 61 60 62 66 
:z 71 75 79 80 78 75 70 
=:> 8 67 64 62 63 65 69 72 76 77 77 75 72 0 
~ 10 69 66 64 64 65 68 71 73 75 76 75 73 0 

12 70 68 66 65 66 67 69 72 74 75 74 73 
15 71 70 68 67 67 67 68 70 72 73 73 73 

PROFILE AVG 0-6 59 56 )9 63 69 76 81.83 82 78 71 65 
PROFILE AVG 2 ... 12 65 63 62 63 66 70 74 77 78 77 74 70 

PROFILE TEMPERATURE, ~~IMUM 0-6 (DAY 236): 83 
2-12 (DAY 260) :===78~== 

PROFILE TEMPERATURE, MINIMUM 0-6 (DAY 54) :_~57~_ 
2-12 (DAY 77) : __ 62----,._ 

ANNUAL HEATING DEGREE DAYS (BASE 65) 

WINTER DESIGN TEMPERATURE (DBT), AIR 

SUMMER DESIGN TEMPERATURE (DET), AIR 
(wi COINCIDENT WET) 

SUMMER DESIGN TElJfPERATURE (WET), AIR 

AIR: 1864 
0-6: 763 
2-12: 212 

9996: 31 
97~: 34 

5~: 105/ 71 
2!%: 107 / 71 

196: 1091 71 

• 

5%: .75 
2~: 75 
1~: 76 

.. 

.. 
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DRY BULB TEMPERATURE (F) 

11 15 26 37 

20 25 30 35 40 45 50 
I III 111'1'1111 1111"11/1 "1"111/1111111 

m~~I~j~7~H&':: 
'::R ~ 
0"1 t-
0"1 0"1 

2 

4 

6 

8 

10 -

12 -

14 -

FIGURE 1. Idealized distribution of tanperatures in undisturbed 
ground, New York, January 21. Shown also are winter design temp
eratures and range of daily average air temperatures. 
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DRY BULB TEMPERATURE (F) 
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FIGURE 2. Idealized distribution of tempera.tures in undisturbed 
ground, New York, August 21. Shown also are summer design temp
eratures, and range of daily average air tanperatures. 
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EARI'H TEMPERJNG AS A PASSIVE DESIGN STRATEGY 

Kenneth Labs 

Urrlercurrent Design Research 
N&.' Haven, Connecticut 

Several fundarrental climate control strategies 
are available to the architect, arrong which are such 
familiar techniques as insulatien, thennal mass, na
tural ventilation, passive solar heatinc;, and evapor
ati ve cooling. Earth tempering design practiCEs sat
isfy IMny of these simultaneously - and may be at 
conflict with others. The balanCE of benefits and 
possible disadvantages of building below ground will 
depend on local climatic factors, and on the nature 
of individual designs. 

This paper describes a procedure for analyzing 
local climates by establishing the relative priority 
of the fundarrental climate control strategies. The 
procedure s\.l!l1Tlarizes the perrentage number of hours 
that each of the strategies is applicable in any lo
cation for which the necessary weather data is avail
able. Insights into the climate cc:nditiening role of 
earth tempering are provided by vi&ling the canfort 
problem in this way. Carputer-analyzed S\.l!l1TIarY data 
for four geographic regions of the United States is 
presented for illustration. 

INI'RODUCl'ICN 

During the past few years, underground construe
tien has emerged as a popular al temati ve building 
conCEpt, particularly arrong owner-builders. fust of 
the popularity of the underground is attributable to 
an acknowledgrrent that ground climate is nore rroder
ate than that above surfaCE. While this is true, 
IMny builders have oversiIrplified their solutic:ns, to 
the exclusien of opt.imi.zing the climatic assets that 
do exist above ground. Earth tempering techniques, 
including earth sheltered walls, sod roofs, and earth 
pipes, are rarely, if ever, sufficient in themselves 
to provide interior comfort. In order to optunize 
the thennal perfOrIMnce of a building, therefore, the 
designer IlUlSt be knowledgable of the overall climatic 

Ii context, and which climatic elements to exploit, an::l 
which to avoid. 

. There are !MIly different ways of using climatic 
,. data in opt.imi.zing passive design. Qle approach is 

to rrodel the thennal perfOrIMnCE of a prospective de
sign and trial variatic:ns in its physical features by 
corrputer simulatien, to test the relative ned ts of 
each altemative. This procedure is effective and 
conclusive, inasmuch as one is able to asCErtain a 
rank order of energy efficiency forI various design 
proposals, in one or nore climates. fure abstract, 
but useful in the early assessrrent of possible alter
natives, is the analysis of long term climatic char-

acteristics of a region, so as to asCErtain general 
strategies of cliIrate control that are appropriate to 
recurring weather phenarena. A "strategy" of control 
is here neant to refer to the process by which a cli
rratic conditien is altered, and not to the physical 
deviCE which effects the change. This paper discusses 
the role of earth tempering techniques as !leanS to 
satisfying the fundanental passive design strategies 
for heating an::l cooling. SinCE the climatic data an
alyzed herein is lUnited to atrrospheric weather rec
ords, the enphasis of the paper is necessarily the 
vi&.' fran the topside, looking down. 

PASSIVE DESIGN STRATEGIES 

"Passive design" is broadly used current voglJ.e 
for the ancient practice of exploiting on-site cli
matic elements to their best advantage for the con
trol of therrral comfort. Inasmuch as the maintenance 
of canfort conditions is a thermal problem, the opIXlr
tunities for its regulation ~re l.imi.ted to the three 
nechanisrrs of heat transfer, co!wection, conduction, 
and radiatien. To these rray be added the adiabatic 
proCESS of phase change (evaporation and condensa
tion). In sinple te:rns, the control options are 
fourfold: one can 1) prarote gain of incoming heat 
energy, 2) restrict gain of ineaning heat energy, 
3) prarote the loss of heat energy, and 4) restrict 
the loss of outgoing heat energy. 

FIGURE 1. CLIMATE CONTROL STRATEGIES 
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Applying the four control options to the four 
nodes of heat transfer produces sixteen hypothetical 
climate cc:ntrol strategies (Figure 1). These sixteen 
hypothetical strategies carprehend all possible pas
si ve design techniques. Anyone strategy may be sat
isfied by a variety of actual design practices or 
building features. For instanCE, two independent and 
COllPlementary practices for restricting corrluctive 



heat loss are a) increasing the resistance of the 
building shell, and b) mi.n:iJnizing the surface-to
volune ratio of the building. As another exarrple, 
all'Ong many ways of restricting solar gain are a) uti
lizing reflective glazing, and b) shading window op:n
ings; these techniques are indep:ndent of each other 
but redtmdant. As an additional consideration, the 
use of reflective glazing may conflict with an equal
ly desirable strategy of praroting (winter) radiant 
gain, whereas shading devices may be designed to ad
mit winter Stm. OVer fifty different inplerrentation 
devices are identified in a recent report to the Na
tional Associaticn of P.cne Builders Research Founda
tion. 2 

Sore of the sixteen hypothetical climate control 
strategies are not practicable in fact, and sore are 
redtmdant in applicaticn. The working list of stra
tegies, therefore, can be reduced to the following 
prilTary al temati ves : 

• Rest..'"i.ct conductive heat flow 

• Restrict infiltration 

• Prarote solar heat gain 

• Prarote natural ventilation 

• Restrict solar heat gain 

• Prarote evaporative cooling 

• Prarote radiant cooling 

Other strategies of less overall significance 
can be identified within the matrix of Figure 1-
These are not ir.'portant to the present topic, except 
for praroting cc:nductive heat loss (conductive cool
ing); it will be discussed in the following section 
on subgrade walls. 

~ TEMP~ TB:HNICUES 

Earth can be used in a number of ways to tanper 
the theJ:I'l'lal interactions between the building inter
ior and the outdoor atlrOspheric climate. Earth shel
tering and earth-integrated design are generally un
derstood to rrean that exterior walls are beIned or 
recessed below grade, and the roof may also be earth 
covered and sodded, or otherNise planted. "Earth 
pipes" are saret..i.Ires laid in the ground to preheat or 
cool intake air, and the earth itself may be used for 

, heat or cold storage, although the latter is beyond 
the scope of this paper. 

Soil is a poor iJ1sulator, as building materials 
go. It ranges in conductivity fran abalt k = 0.2 
to 1. 4 Btu/ft2 (hr) F 1ft, or R5 to RD. 7 ~ foot thick
ness for light, dry to heavy, danp soils. 3 A tvpi
cal conductivity for soil in-situ is .75 Btu/ft2 (hr) 
Flft, or approx:imately Rl.3 ~ fcot. As a result of 
the gearetry of heat flow, or the shape factor, how
ever, the overall resistance of ear1:,.'1. with respect to 
a buried wall appreciates rapidly with increasing. 
depth. A horizontal band of uninsulated wall at a 
depth of 6 feet, for exaIll?le, benefits fran an "ef
fective" resistance of Rl2.S attributable to the 
earth alone, for a soil ot average conductivity. A 
subgrade wall extending fran a depth of 2 to 12 feet 
could similarly be regarded as having an effective 
average resistance due to the earth of Rla (this as
sUrres a steady state, radial path of heat flow, as 
described in ASHRAE 1977 F'undaIrentals). Earth shel-
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tering, therefore, is an effective !leanS of satisfy
ing t.~e strategy of restricting conductive heat e.'{
change (with the atIrosphere) . 

Deep ground teTIperatures are lower than canfort 
zone limits throughout much of the United States, so 
subgrade walls in most regions will lose heat all 
year long to the subsoil. Ground i:errperatures are 
higher in the South than in northern regions, h0w
ever, so this cooling potential diminishes as the 
cooling need increases. Uooer nonre.l conditions, the 
ground offers the only opportUnity by whlch heat can 
be lost beneficially through conduction. While it 
may be desirable on one hand to leave the lower por
tion of underground walls uninsulated for this con
ductive cooling effect, low winter soilte:nperatures 
and high sumer dewpoint temperatures may argue 
against it. The sarre principle applies to eart.~ 
pipes, with which condensation problems are more eas
ily managed. 

Heat conduction theory pennits undisturbed soil 
tanperatures to be predicted w!th reasonable accuracy 
for most of the United States. This t.~eory indi
cates that during the first week of August, the low
est ground tanperatures occur at a depth of about 20 
feet, in a soil of average k (deeper in a more con
ductive soil, shallower in a less conductive soil). 
Field observations at different stations substantiate 
this prediction. At depths of 12 to 15 feet, ground 
te:nperatures are not significantly higher (2 or 3F) 
t.~ the minimum profile tanperature, although these 
change dramatically throughout the shallower depths; 
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this is illustrated in Figure 2. Since daily temper
ature variations are damped out at a depth of about 
2 feet, even at such a shallow level, soil ~a
tures are appreciably l~ than sumner aftemoan air 
te.rrperatures. At a depth of only 6 feet, earth temp
eratures are typically 20 to 25F lower than the,aver
age daily rraximum air te.rrperature. The same phenan
enon is true, in reverse, of winter conditions; a mir
ror il!1age of Figure 2 would represent oorxii tions at 
the end of January or first week of February. These 
conditions make earth pipes an attractive assisting 
agent for tempering intake air for ventilation and 
canbustion. 

Sod Foofs ,..---
A sod roof is a canplex theDtal.systan within 

and fran which all processes of heat transfer take 
~ place. The therrral nass of 12 to 18 inches of soil 

plus its supporting structure is sufficient to damp 
out alrrost all temperature fluctuations of the daily 
cycle. Heat absorbed during the daytilre is carried 
over into the evening am is radiated to space at 
night. A llOist soil resists tenpera.ture increase by 
the dissipation of solar gain through evaporation at 
its surface, and a leafy vegetatioo cover will both 
intercept solar heat (thereby shading the surface) 
and disp:>se of this through evap:>transpiration fran 
leaf surfaces; the latter process keeps boundary 
layer air temperatures from large increases. Evap
oration rates from well-watered turf range between 
1 and 2 1/2 inches per week, depending on clil!1atic 
region, for the dryest llOnth of the year. Water ab
sorbs approximately 5000 Btu/ft2 per inch depth in 
its change of phase, so a healthy, transpiring turf 
<;;an be assurred to diSp:>se of between 700 and 1800 
Btu/ft2 on a S1.lITITer day. For a typical inland cli
mate, therefore, a 1200 ft2 sod roof has a cooling 
p:>tential of 1 1/2 million Btu per day. Not only 
does this block an appreciable arrount of heat fran 
entering the structure, but it aids in naintaining 
ccrnfortable neighborhood air tarrperatures as well. 

Because of the high conducti vi ty of soil, there 
appears to be little winter benefit to sod cover in 
excess of 12 or 18 inches. Manufactured insulation 
is better able to provide the thennal resistance at 
a lower overall cost, when the supporting structure 
is considered. Soil freezing nay offer a beneficial 
buffering action, and the snow supporting ability of 
the sod rcof should be fully exploited:' snow can 
p:>ssess a therrral resistance as great as R24 per 
foot, .... nen it is light and newly fallen. Typical 
snow cover in canada has been reported as ranging 
fran R9 to Rl2 per foot thro.Jghout the midwinter sea
son. In northern clil!1ates, it nay be wise to place 
sncw fencing so as to develop a thick cover on the 
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cooling accordingly diminishes, leading eventually to 
wilting and "browning out". A sod roof is rot a nain
tenance-free evap:>rati ve cooler, and a dead turf is 
of no benefit. Gray water (fran sinks, shower, and 
laundry) could be used as irrigation water in areas 
where conservation of water is mandatory. 

~ CLJMATE ANALYSIS 

A procedure has been devised by Baruch Givoni, 5 

whereby the suitability of the seven prirrary stJ::ate
gies identified earlier can be evaluated in any re
'gioo for which detailed weather data is available. 
The analysis can be represented graphically on the 
psychraretric chart, as shown in Figure 3. Givoni 
has termed this resultant diagram the "Building Bio
cl:imatic Chart," after the earlier bioclil!1atic anal
ysis procedure of the Olgyay brothers. Eburo.s -are 
drawn on the psychraretric chart which delineate the 
range of clil!1atic conditions wi thin which anyone 
single strategy alone is capable of producing in:loor 
canfort. The canfort zane itself is represented on 
the chart as zone 4; this is expanded beyond that of 
the ASHRAE 55-74 standard, since it assumes a broad 
range of sumner and winter clothing ensembles. 

A cx::rnputer program has been written which reads 
hourly weather tape records available fran Nl¥.. 
Seventeen years of data for each of twenty cities in 
the United States have been analyzed to ascertain the 
percentage of annual daylight and nighttilre hours 
that fall within each of the categories. The re
sults for four different climatic areas are sumnar
ized in Table 1. For ease of canparison, daylight 
and nighttilre hours have been canbined here as an 
average value. 

FIGURE 3. BUILDING BIOCLIMATIC CHART (AFTER GIVONI) 
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1'1 In terms of the prirrary cl:imate control stra-
tegies, sod roofs are nrul tifunc::tic:nal. The llOst de
pendable characteristic of a sod roof is its ability 

'- to restrict solar heat gain and to prcrrcte radiant 
cooling. As an evap:>rative cooling device, sod is 
effective only as lang as it is sufficienUy supplied 
with water. AlthoU3'h sod retains water fran rain
fall, this natural resexvoir is limited by rooting 
depth (and not necessarily the thickness of the 
earth cover itself); for llOst grasses, the soil has 
a capacity of no IlCre than one or bYe weeks of stor
age for very active transpiratioo. As soil llOisture 
depletes, the rate of transpiratioo and evaporative 

APPROPRIATE CLlllA1'E CONTROL STRATmIES 

• RESTRICT CONDUCTIVE HEAT ruJi: 1,2; 11, 12 
• RESTRICT INFILTRATION: 1, 2; 11, 12 
• PRCIlOTE SOLAR HEAT GAIN: 1 , 2 
• PRCIlOTE NATURA!. VENTILATION: 5, 7, 8 
• RESTRICT SOLAR HEAT GAIN: 4; 5 -12 
• PROlOTE EVAFORATIVE COOLING: 6, 7, 9 
• PRCIIOTE RADIANT COOLING: 7 - 10 



TJ..ELE 1. CLIlU.TE ANALYSIS SUMMARY DATA 

CLlnATE CONTROL STRATEGY BY CITY NY MIl III PI 

PROMOTE SOLAR ~AIN/·COOL" HOURS (2) 30.6 26.0 14.6 29.8 
PROMOTE SOL~a GAIN/"COLD" HOURS (1) 43.8 53.4 1.1 14.9 
RESTRICT COflDUCTION (1,2; 11,12) 

RESTRICT INFILTRATION (1,2; 11,12) 74.4 79.4 15.7 46.5 

RESTRICT SOLAR GAIN/COl'll'ORT (4) 12.1 11.9 19.9 18.4 

PROIIOTE VENTILATION (5,7,8) 12.9 8.1 63.7 13.6 
PRONOTE RADIANT COOLING (7.10) 4.2 4.6 10.1 31.5 
AIR CONDITIONING (11,12) 0 0 0 1.8 

TOTAL HEATING HOURS (1·-3,11,12) 74.4 79.04- 15.7 47.9 
TOTAL COOLI1IG HOURS (5-12) 13.5 8.7 64.4 35.6 

At a glance, this distillaticn of data tells the 
designer the relative priority of different control 
strategies, plus the average ~ effectiveness 
of each. As can be noted fran the Building Biocli
matic Chart, there is overlapping of different stra
t;egies, so their total sum of applicability exceeds 
100 per cent. Eecause the procedure has been design
ed to analyze atrrospheric data, it is not capable· iIi. 
itself of making recarrnerxJations about earth temper
ing (nor is the necessary ground temperature data 
available from the tar;es); earth temperature data 
ca:1 be synthesized independently of the weather tape 
r~rds, ho.vever, and· juxtaposed against atlIospheric 
reCords for canparison Eve." without subsurface cli-
mat.ic inforrnaticn, the Building Bioclimatic Chart can 
be used to assess sane aspects of the suitability of 
~l-J. tempering techniques, and when conventional 
above ground practices are adequate for heating and 
cooling. A discussicn .follcws that explains sane 
ways in which bioclilnatic data fran four different 
ci-.:.ies may be interpreted with respect to underground 
building al temati ves. 

Heating Analysis 

Fran the data given in Table 1, it is clear that 
N6'1 York and Minneapolis are characterized by a heat
ing danand for approximately three quarters of the 
rours of the year, while Miami has a very small heat
ing period (16% annual hours), and Phoenix is about 
evenly divided between heating and cooling rours. A 
break point of 50F has been arbitrarily selected in 
the analysis to dist.inguish between "cool" hours am 
"cold" hours. A 1000 ft2 rouse having 200 ft2 of 
south facing glass can tllooretically maintain canfort 
levels for one day witOOut supplenental heat in a re
gion that receives 1300 Btu/ft2 (day) on a vertical, 
south facing surface; this assumes an overall sys
tem efficiency of 33% for collection, storage, and 
distributicn of passive solar heating. 6 Alm::lst all 
of Miami's heating hours fall within the 50 to 68F 
range, and with dail~ winter irradiaticn at between 
1300 arx1 1400 Btu/ft on a south facing vertical sur
face, 7 "passive solar heating can be considered suf
ficient to carry Miami houses throughout the winter 
witrout extraordinary effort being made towards heat 
conservaticn. '!We-thirds of POOenix's heating hours 
fall within the range of solar sufficiency for houses 
with a balance point of 50F, so extraordinary nea
sures are not warranted here either for heat conser
vation. Considering the relatively high ground temp
eratures of the Phi:::leIWc area (70F at steady state 
depths), earth tanpering may, haoTever, be an :iInpor-
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tant aid in attaining fullest solar efficiency. 

New York and Minneapolis, on the other hand, 
have a majority of heating hours in the "cold" cate
gory belo.v 50F. In vi6'1 of the relatively little 
solar receiot in these cities, it is clear that sane 
fOIlTl of mechanical heating is necessary. The benefit 
of un::l.ergrourrl construction in reducing heat loss 
through coriducticn (and infiltration) also is clear, 
so earth sheltering is an important passive design 
device in northern and north tenperate zones. 

Cooling Analvsis 

A second· sorting out of the appropriateness of 
underground altematives occurs in the .sumrer cooling 
stratecries. In Minneapolis, New York, and ~..i.<m'i, the 
tctal Cooling requirerrent can be satisfied allrost en
tirely by ventilation alone (93%, 95%, and 99%, re
spectively). ~"lost of the cooling hours in all three 
cities fall within zone 5 on the Building Bioclilnatic 
Chart; dewpoint temperatures for these hours are, at 
10'M5!st, 67F. Sl.lIlt1"er earth te!11peratures throughout 
the upr:.er 10 feet or so of soil in rrost regions will 
fall below this dewpoint, resulting in likely conden
saticn and its attendant problems. Restricting vent
ilation is not a satisfactory solution, since intem
al rroisture producticn will only raise the dewpoint, 
and increase the likelihood of condensaticn. The two 
major options are 1) insulation of underground walls, 
and 2) dehumidification, usually by rrechanical rreans. 

A traditional practice in htm'id tropical climates 
is to actually raise the structure above the ground, 
to best exploit ventilating breezes and to minilnize 
condensaticn and other probleIl's of dampness. Con
sidering the magnitude of the ventilating need, and 
the potential solar sufficiency of the Miazri region, 
there would seem to be little to recamend benning 
or recessed placerrent here, and in similar Gulf COast 
clilnates. Earth pipes are likely to experience the 
sane condensation problems, and although this rray 
not be as destructive of finishes or materials, 
air that is admitted to the interior will arrive at 
a saturated or near-saturated state. 

A distant second (to ventilation) coolina stra
tegy in Miami is nocturnal radiation, or high - thermal 
mass (16% total cooling hours). As discussed pre
viously, sod is a satisfactory rreans of providing . 
roof ITaSS, and can do so wit110ut comprc:rnising venti
lation effectiveness. On the basis of this cursory 
analysis alene, it can be concluded that sod roofs 
are tre rrost suitable of earth tempering techniques 
for this WaJ:Ill, humid zone, although the utility of 
all earth related techniques is dubious. 

In New York and Minneapolis, sod roofs are pr0-
portionately rrore effective than in Miami, in both 
evaporative and radiative m::xies of cooling.- Neither 
is sufficient in itself to satisfy the cooling demand, 
ho.iever, so ventilation is still a necessity. Because 
ventilation is so nearly capable of providing ~ 
fort, it should not be seriously disadvantageous to 
insulate subgrade walls to prevent condensation, as 
long as the ventilating ability is not cat;:>Iatlised 
by earth sheltering. 

In order to optimize the cooling potent.ial of 
natural ventilaticn, it is necessary to know the di
recticn of breezes when these are needed. At the 
sarre tiIre that weather data is analyzed for position 
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on the Building Bioclimatic Olart, wind speeds and 
directions for the hours falling into each zone can 
te identified and reported. An exanple of hCM this 
may te done is illustrated in Table 2, which presents 
daytiIre data for Minneapolis. In Minneapolis, winds 
of importance for ventilation cooling (zones 5,7,8) 
care predcminantly fran the south. This happy CXlin
cidence with optjJruJrn solar orientation is true of the 
regional patterns of IlU.lCh of the CXluntry, although 
local breezes may te affected by a host of rnicrocli
matic influences. Fortunately, too, the location of 
ventilation outlets is not critical, and these can 
often te placed quite satisfactorily on the roof. 

The climate of Phoenix is very different fran a 
cooling point of view. Ventilation is the last of 
passive systems in priority, capable of attaining 
comfort conditions for little more than one-third of 
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Earth terrpering techniques have becorre popular 
in recent years because of their lCM cost and the 
little technology required for their execution. The 
heat conserving aspects of earth sheltering are bec0m
ing widely appreciated, but its limitations and the 
regions in which the benefits of earth terrq:Jering prac
tices are only marginal or secondary have not yet re
ceival much attention. This paper has presented a 
procedure for analyzing atmospheric weather data in 
such a way as to rank the priority of suitable cli
mate control strategies. Aspects of different earth 
terrpering practices that satisfy these strategies 

,~ cooling hours. Evaporative cooling can satisfy 62 
per cent of the cooling demand, and nocturnal radi
ation can theoretically satisfy 88% of the derrand, in 
terns of total hours that cCXlling is required. There 
is no necessary conflict betw'een underground place
rrent and evaporative cooling techniques; indeed, a 
traditional device used to contain dense air cooled 
by evaporative techniques is the walled atrium, which 
lends itself readily to subsurface design in hot, dry 
climates. 8 r-breover, one can reason that the far 
greater thernal mass of the earth and the month to 
rronth-and-one-half lag tirre associated with a buried 
wall is superior to an above ground wall with a lag 
tiIre rreasurable only in hours. Overall, it appears 
that underground construction is well sui ted to hot, 
arid climates, although a close examination of ground 
terrq:Jeratures is warranted. Contrary to the case in 
Florida, there is no likely incarpatibility between 
earth tempering and other passive design practices in 
the Phoenix area. 

have been discussed, with the general CXlnclusion that 
underground construction is of least value in wann, 
humid climates, where heat conservation is not a major 
CXlncern. The cooling potential of underground CXln
struction is not well established, and requires fur
ther analy;:;is of ground terrperature data, which is 
for the most part unavailable. The likelihood of con
densation and the (assurred) in<X.1!1'p3tibility between 
earth sheltering and design for maxim.Jm ventilation 
do not make underground alternatives attractive in 
Miami and related regions. 

Earth tempering techniques deserve more atten
tion in hot, arid climates; the act of building of un
derground is not incarpatible with CXlnventional prac
tices, an::l can even serve to augrrent and enhance 
evaporative cooling and thermal mass building tradi
tions. The utility of earth sheltering is already 
well established as a heat conserving strategy in 
northern zones, and the data here serves mostly to 
support this. The climatic analysis further under
SCXlres, however, the importance of ventilation as a 
SUITl!er canfort strategy. Praroting ventilation, ir
respective of the potential of ground cooling, has 

TABLE 2. BIOCLIMATIC ANALYSIS OF 17 YEARS OF IDURLY DAY'l'llIE DATA, MINNEAPOLIS, MINNESm'A 
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defini te inplicatic:ns for physical design of the 
building, as well as the placanent of insulation. 
The data, therefore, can be used as a design aid, 
once the benefit of earth sheltering is established. 

OJN:I..USICN 

There is a1.zrost no literature· dealing with the 
regional application of underground design alte:rna-
ti ves, and no accepted rrethodology for predicting 
where and hCM much benefit may be derived fran earth 
tanpering techniques. SOd roofs, earth pipes, and 
earth sheltered walls are only three arrong a host of 
passive design elements available to the designer. 
So far, little guidance has l::een offered to aid in 
the mixing and matching of these elements to differ
ent climatic zones, and this is especially true of 
earth tempering techniques. It is roped that this 
paper serves to identify the brcader context within 
which underground alternatives are a part, and specif
ic issues poignant to the design of underground struc
tures. /1:)re iIrportantly, it is hoped that this pre
sentation will stimulate discussion about the limi ta
tions, in addition to the benefits, of underground 
design. 

The clilnatic data cited in this paper is drawn 
fran a report entitled climate Desian: ~ Conser
ving Techniques for ~ Builder57Prepared by ~ 
office of Donald ivatscn, AIA, Guilford, CT, for the 
NAHB Research Foundation. Canputer analysis of 
weather data was perfoz:med by ARGA Associates, of 
New Haven. 
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