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ABSTRACT.

the paper deals with the possibilitics of lowering the air and radiant temperatures in dif ferent
types of outdoor spaces. It deals separately with outdoor spaces adjacent to buildings, where
an interaction exist between the thermal conditions in the building and in thc adjacent
outdoos space, and with " ree-standing” outdoor spaces. It discusses the different sources which
can be used for cooling outdoor spaces at cach of these two types. With respect to free-standing
outdoor spaces a distinction is made between the treatments applicable to wide rest arcas and
those applicable 10 narrow walkways.

I. Intreduction
1.1. Environmental Factors Affecting Com{ort jn Outdoor Soacta

Many human activitics take place in bounded outdoor spaces, either attached to their homes,
such as vards and courts, or in "lree standing” arcas such as public rest arcas, walkways, cte,

In hot regions, in summer, outdoor exposure often causes heat discomfort and stress, resulting
from cxposure to the sun and the high temperatures. In such cases the possibilities of
improving the comfort conditions by shading the area and, if possible and practical, also
lowering its air and radiant temperatures, should be considered.

There are some basic differences between the environmental Factors affecting human comfert
in outdoor and in indoor spaces. Inside buildings people usually are protected from direct
cxposure to selar radiation. Also the longwave radiant temperature of an tndoor space usually
is not too different tom the indoor air temperature, On the other hand people staying
outdoors are exposed to several direct and indirect forms of solar radiation.

When an outdoor space is not shaded the people staying there are exposcd Tirst to the direct
solar beam and the diffused solar radiation from the sky. Reflected solar radiation from the
surrounding ground, which depcnds on the reflectivity (color) of the ground, may add
signilicant heat load, especially in arid region which often have scant vegetation and Light
color of the soil.

During daytime the ground surface temperature, especially in arid rcgions, is significantly
higher than the ambient air level. This temperature clevation imposes an extra longwave
radiant load on the persons on which it impinges, in addition to the direct, diffuscd and
reficcted sotar radiation.

The physiological severity of the solar and longwave radiant loads depends on the ambicnt
wind speed, temperature and humidity, as well as on the clothing worn by the people. The
higher are the temperature and the humidity and the lower is the wind speed, the greater is
the physiological heat stress imposed by the radiant load.

The direct solar radiation impinging on people in an outdoor space can be reduced by shading,.
The effectiveness of a given shading device depends on geometrical factors {(in conjunction
with the annual and diurnal paticrns of the sun paths in the sky) and on the partial
transparency of the shade material.

Common shading elements over ostdoor spaces {cxcept shade of some plants) are thin and
lightweight. Their surface temperature during daytime would usually be higher than the
ambicni sir, depending on their color. In many cascs also the underside of the shade element
would be at higher temperature than the ambient air, imposing & radiant heat load on persons
staying below the shade. The design details of the shading should aim to minimize this extra
hcat load.

Any cooling scheme ol an outdoor space should start, therefore, with minimizing the solar and
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the longwave radiant loads. Although such treatments do not comprise a "positive” cooling of
the space, they are cquivalent from the comfort aspect to actual lowering of the space air
temperature.

1.2. Dilfcrgnses Between Cooling Methods Applicable for Buildiogs and (or Qutdogr
Spaggs.

The difference between cooling methods applicable to buildings and those applicablc 1o
outdoor spaces is caused by the fact that a building can be closed, minimizing the Mow of hot
outdoor air through the building. The conductive heal gain can also be cantrolied by the
thermal resistance of the building's envelope. An outdoor space, by definition, is open to flow
of the ambient air and therefore the degree by which its temperature can be towered below
the ambient level is guite limited. Thereflore, a cooled outdoor space, even when shaded by an
impermeable material, has a much higher rate of hcat gain by wind llow across the space than
a building. Any cooling scheme of an outdoor space should take this factor into account,

Another difference between a building interior and an outdoor space concerns the radiant
load. Within a building solar radiation can be climinated and the mean radiant temperature
is usually close to the indoor air temperature. Outdoors the reflected solar and the emitied
tongwave radiation From the surrounding hot ground can cause significant radiant heat load
and therefore should be minimized by the treatment of the outdoor space.

Minimizing the temperature elevation of surfaces in an outdoor space above the ambient air
leve! docs not involve, in many cases, expenditurc of energy. Planting trecs and shrubs within
and around the periphery of an outdoor space can effectively reduce the reflected solar and
the longwave radiation emitted from the surrounding ares.

On the ather hand, lowering the surface temperatures of an outdoor area below the ambient
airlevel involves, directly or indirectly, some Form of water evaporation and some cxpenditure
of energy.

1.3, Types of QOutdoor Spaces. from the Aspccts of Relationshipfo.  Buildings and Cooling
Options.

From the vicwpoints of the cooling options for outdoor spaces, and the interaction between
the thermal conditions in the outdoor space and inside a building to which the space may be
attached, outdoor spaces can be classificd inte several types.

First a distinction should be made between "(ree standing” ourdoor spaces, which are not
attached 1o a building, and outdoor spaces which arc adiacent to a building. Adjacent outdoor
spaces may interact with the building thermally, cither by modifying the climatic conditions
to which the building itsell is exposed or by modifying the thermal conditions in the cutdoor
space by the cooling system of the building.

Among Lhe adjacent outdoor spaces a distinction can be made, from the climatic control
viewpoint, between outdoor arcas which are not surrounded by physical barriers (¢.g. walls),
and thosc scparated from the gencral environment by solid walls, about 2 mcters high. In the
First case lateral wind would make the achicvement of air temperature reduction an
impractical task while in the second case such air cooling is possibic,

Among the "lree standing™ outdoor spaces a distinction should be made between two main
types:

- Wide arcas, with a smaller dimension over about 8§ mcters, to be referred to in the
following as “rest” arcas.
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. Narrow Jong lincar arcas, 10 be refcrred 10 as "walkways®.

The degree of climate modilication that is achicvable in these two types is guite different and
some of the cooling sysiems which can be applied 10 rest arcas are not applicable to walkways.

) ~onsiderations in Cooling Ouidoor §

When considering the design of an outdoor space in a hot region the first decision to be made
is whether to limit the treatment of the arca only to shading it or whether, in addition to
shading, also to lower its tcmperature below the ambient mir level. For {lowcring the
temperature a source of water would be needed.

Belore any technique is applied to lower the air and surfaces (radiant) temperatures in an
outdoor space the wind llow through that space should be minimized. A major source of heat
transfer into a coled rest arca is by advection of the warmes outdoor air, This heat advection
can be minimized by the clements surrounding the boundary of the area: fences, walls, shrubs,
cic., as well as by the details of the shading element over the cooled arca. The treatcd arca can
also be sunken below the level of the surrounding ground, to in¢rease its “isolation” from the
ambicnt environment.

Once a rest arca is partially isolatcd Trom the surrounding environmeni scveral cooling sources
can be applicd for lowering the air and surfaces tcmpéeratures in the arca, as discussed below.

2.t. Shade as a Prercquisits for Cooling Outdoor Spaces.

Before considering any means for lowering the air and or the radiant temperature in an
cutdoor space shade should be provided from the sun. There are two reasons for the primacy
of shading:

First, protcction from solar radiation has a larger physiological effect, in reducing heat stress,
than the cffects which can be expected (rom lowering the temperatures in outdoor spaces.

Sccondly, Shading docs not involves any expenditurc of cnesgy or water, as arc almost all the
systems which can lower the temperatures in a rest area.

Materials which commonly are used to shade outdoor spaces arc not solid aad, in cffcct,
transmit some fraction of the solar radiation. The transmitted radiation raises the ground
surface temperatures in the shaded space. In practice, even with "tight" shade matcrials, about
20% of the radiation impinging on the shade can be assumed to be transmitted. The transmitted
radiation causes exira physiological heat load from the direct solar and the longwave
radiation emitted from the ground.

Furthermore, even in cascs when the whole outdoor arca is covered by the shading clements,
solar radiation can enter from the sides, especially in the morning and afternoon hours. The
narrower the shaded area the greater i3 its Fraction affccted by this lateral sun penetration,
especially if the arca extends in the North-South direction.

The T ( ihe Shade's U ide.

The ¢mperature of the shade’s underside during the daytime is above the ambient air level,
as a result from the solar radiation absorbed in the shade’s material. The iemperature of the
underside of the shade affects the longwave radiant licld to which the persons staying in the
arca arce exposed, and conscquently their thermal comflort.

The shade’s underside temperature depends on the external color of the material and its
thermal conductance. The lighter the color and the lower the conductance the closcr wili the
shade’s underside temperature be to the ambient wir level.

An cxception is the case when shade is provided by a thick layer of lecaves, such as by trees
or vincs with dense foliage. The lower lcaves are protecied from the sun by the upper part of
the canopy and are cooled by evapo-transpiration, 3o that their temperature is very close 10
the ambient air level.

2.2. Tradcolfs between Phvsialogical Cooling by Wind and Quidoor’s  Air Cooliog

In dealing with the issuc of comfort in outdoor spaces a conflict may cxist between two design
approaches:

a) Providing comfort by the cooling effect of the wind.
b) Lowering the air temperature in the outdoor space.

Any lowering of the air tempcrature in an outdoor space requires o minimize the (warmer)
wind penciration. The conflict between the two approaches exists because minimizing the wind
penctration to an open space is accomplishcd usually by fixed devices. The wind blockage can
not be turncd on and off, as is possible in a building by opening and closing windows.
Therelore, once the spaced is semi enclosed, ¢.8. by surrounding walls, shrubs, carth berms, etc,,
the wind cooling effect is minimized even during periods when the wind is desirable.

In some cascs the comfort state, at the ambient air temperature with moderate wind speed, may
be beiter than at somewhat lower temperature but with lower wind speed. Quantitative
comparison of the comfort conditions in the Iwo cases can be donc by the use of onc of the
“Comfort Indices”. Generally, it can be expected that in humid regions the wind will have
greater elfect than the achicvable reduction in temperature.

In this case, reflected solar and emitted longwave radiation from the surrounding arca can be
reduced by the treatment of the arca, for instance by covering it with low but dense
vegetation, so that the surface tempernture is lowered while the wind is not blocked.

In arid regions the choice between the two options may depend on the typical local maximum
air temperature. In places where the maximum (cmperature is below about 30 degrees
Centigrade, wind can be very effective as a comfort ¢lement. In such regions shading  the
space, while leaving it open to the wind, might be the best approach to minimize heat stress,
In places where the daylime temperatures are higher, the humidity low (e.g. with relative
humidity below 50%) and where water is availabic, lowering the temperature and blocking the
wind may be a preferable approach.

This can be accomplished by the various means discussed below (3ce section 4).

3. Lowering the Surface Temoerature. in Shaded Ouidoor Spaces
Two “treatments” can be applicd 1o outdoor spaces, 10 lower the surface temperature in the

space below the ambient level, They are based, directly or indirectly, on cvaporative cooling
and include:

- Lowering the temperaturc of ¢lements surrounding the cooled arca,
- Cooling the ground (pavement),

i



3.1. Lowering (he Temperature of Elements Surrounding the Soace.

To minimize the radiant heat load, from reflected solar radiation and emitted longwave
radiation fram the ground around, the cooled arca should be surrounded by elements which
can be kept at temperaturc close or below that of the surrounding ground. These elements can
be walls, high shrubs, carth berms, etc. The area can also be sunken below the surrounding
ground lcvel.

When the elements surrounding the cooled area arc plants, or carth berms covered by
vegetation, their temperature [ollows closcly the ambicnt air level and the cxcess radiant load
is minimized.

However, if the surfaces of the surrounding clements, while shaded, can be wetted, their
temperature will be closcr to the ambient WBT and, in arid regions, will be significantly lower
than the ambicnt air,

In practice, il the surrounding clements consist of built walls, earth berms covered by concrete
or stones, etc. it is possible to have running water over their surfaces, for instance in the form
of cascades, of thus providing wet surfaces around the cooled area. Such a design was
implemented in the "Rotondas” at the *32 EXPO site in Seville by Professors Asiain and
Alvarez {(Rel. 1),

The water flowing over the surrounding walls need not be of high quality. Where brackish
walter is available it can be used in this application, as a high rate of water flow can minimize
salts and minerals deposition.

3.2. Copling the Pavement in Rest Arcas

As discusscd above, even if an outdoor arca is eflectively shaded, its ground temperature
would be somewhat clevated above the ambient air level. Cooling the pavement of a relatively
wide shaded area can thus lower the radiant temperature to which the people in the arca arc
exposed, although the effect on the air temperature, st the level of the "occupied” zone, would
be negligible.

Therc is a point in cooling the pavement in a given space only if the dimensions of that arca
arc large cnough so that the change in the mean radiant temperature will be significant. This
means that the smaller dimension of the arca (its width) should be above a given minimum,
c.g. above about 8-10 metcrs. Conscquently, there is no point in lowering the temperature of
pavements in narrow walkways, where the effect on the mean radiant temperature would be
minimal.

A practical method for cooling 3 pavement, which has been developed by Professors Asiain
and Alvarez and applicd at the "92 EXPO site in Sevilic (Ref. 1), is to circulate under the
surface, but in thermal contact with the material, cool water. The source of the cool waler can
be, for example, a pool which is cooled by continuous spray of the water, day and night, as is
discussed in morc dclails later on,

To enable water flow underncath, the pavement would usually consist ol "plates” supportcd
by "legs". Watcr [lows then through the open gaps between the legs. Critical factors which
detcrmine the eflfective conductance of heat, From the pavement's surface 1o the cool water
flowing undecracath, and hence the pavement's temperature, are the actual area of contact
between the "legs® of the pavement and the water and the thermal conductance of the legs.

To prevent water overllow above the pavement, and at the same time to insure the low, an
air gap practicadly cxists between the underside of the pavement and the water. Thus the parts
of the pavement in actual contact with the water underneath are only the legs. They serve as
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the conduction paths for the heat flow to the water. The design detail of the pavement should
maximize the potcntial For this conductive heat flow,

Water llowing over walls surraunding the rest area (as discussed above) can continue to lNow
under the pavement, into a central pand, as was implemented in the design of "Rotondas” in
the 92 EXPO cite by profcssors Asiain and Alvarez (Rel. 1),

4s ) ir Coaling in.© 5
4.1. Geperal Considerations-

Once a rest arca is el fectively shaded and partially separated from the surrounding air, e.g.
by being sunken and/or surrounded by walls, trees or shrubs, the air and radiant temperatures
in it can be lowered below the level of the outdoor mir. Not all the cooling techniques which
are applicable in “wide” rest areas can also be applied to narrow linear walkways. Therelore
these 1wo types of ouwtdoor spaces should be considered separately.

The air within a semi-confined space can be cooled either by the introduction of pre-cocled
air into the space or by direct, or indircct, cvaporative cooling of the air inside the space. Air
can be pre-cacied by mechanical equipment outside the area and then blown by fans thirough
ducts into the arca to be cooled. Direct cooling of the air in a rest area can also be done by the
injection of artificial fog which evaporates instantly, drawing heat from the surrounding air
and thus cooling it. Other possibilitics for cooling the air are by a passive evaporative cooling
tower or by a convective cooling tower, systems which are discussed below,

To maximize the physiological benefits from the cooled air it is advisable to introduce it near
the ground level. In this way temperature stratification over the rest area would be enbhanced,
with the cooler air at the level where people arc standing and seating.

Lowcring the air temperature in an outdoor space by compression air conditioning, delivering
cool air to the space, would be very expensive due to the required high rates of air flow.
Therefore cvaporative cooling in one form or another would usually be, directly or indirectly,
the ultimate cooiing source. This factor limits, in effect, the applicability of lowering the
temperature of outdoor spaces to arid regions where water supply is available.

Fortunately, brackish water can be utilized for several systems applicable to cutdoor space’s
cooling. Such water sources are available in many arid and desert regions.

The depression of the Wet Bulb Temperature (WBT) below the air Temperature (DBT) in
summer during the hat hours of the day is the most direct quantitative criterion for assessing
the potential of evaporative cooling in a given location. The cxpected temperature drop of air
exiting from an cvaporative cooling system, below the ambient air level, would be abont 60-
80% of the WBT depression (DBT-WRBT).

4.2. Mechanical Evaporative Cooling

Mechanical evaporative coolers can cool large quantitics of air, to a temperature very close 10
the ambient WBT, with relatively low expenditure of energy, as compared with compression
air conditioners. It is a conventional technology ot cooling of huildings, which is used often
in arid regions. Because of its relative low cost and low energy consumption it can also be
applied in conling of open spaces, provided that they are partially isolated from the
surrounding area.

[t should be moted, however, that mechanical evaporative coolers use large quantity of high
quality water. Brackish water, which is available in many arid and desert regions, can not be
used in mechanical evaporative coolers because it will clog the wetted pads through which the
air isdrawn. This is in contrast with some other technigues of ¢vaporative cooling where also



brackish water can be used.

Mcchanical evaporative coolers are noisy. To minimize noisc in the rest arca it is preferable
10 install the cvaporative cooling machine outside the arca 10 be cooled. The cooled air can be
directed by ducts to the rest arca. To derive the most phyaiolo!icll benelits from the cooled
air it is advisable to introduce it near the ground level, at 1he "occupied™ zone of the space.

ificial F.

Artificial fog can be gencrated by injecting water at high pressure through very minuie
orifices. IT the water droplets are small cnough, and the WBT depression below the air
temperature is large enough, the droplets evaporate simost instantly. The evaporation of the
droplets cools the air without forming liquid water over people staying ncarby, although the
fog is visible,

Fog gencrators consume large quantity of encrgy, relative to their cooling effect, and nced
watcr of low mincral content {(or water trcated chemically), (Mee lInc, personal
communication).

Even with very light wind the log is carried away downwind. When the winds in a given
region are light and the direction is more or less constant, fog generators in the form of a line,
located upwind of the area 10 be cooled, can provide measurable cooling cffect.

Artilicial Tog is especially an attractive cooling technique for local "spot” cooling of small
arcas where pecople congregale, such as in front kiosks along walkways.

4.4, Passive Evaporative Cooling Towers.

A passive evaporative air cooling tower, attached 10 a building, has been developed and tested
by Cunningham and Thompson a1 the Environmental Rescarch Laboratory of the University
of Arizona in Tucson (Rcf. 2). The system consists of a down-draft tower which has at its top
vertical weited celtulose pads impregnated with anti-rot salts and rigidif ying saturants. Water
is distributed at the top of 1he pads and is collected at the bottom by a sump and recirculated
by a pump. The complete system in Tucson included also a solar chimney on the opposite side
of the building, to enhance the air (low rate through the cooling tower and the building. Such
a passive evaporative cooling tower can be used also (o provide cool air {or outdoor semi-
conflincd rest arcas.

Analysis of the test resulis of Cunningham and Thompson, done by Givoni, has shown that the
solar chimney did not afTect the performance of the cooling tower and that the air [low rate
was almost independent of the wind speed. Tt was concluded that the

air lNow through the pads is gencrated mainly by the tempernture difference between the
{cooler) air inside and the (warmer) air outside the tower. This temperature difference is
proportional to the WBT temperature depression (DBT-WBT).

A mathematical model has been developed by Givoni (unpublished yet), expressing the
expected performance of an ¢vaporative cooling lower attached to @ building as a function of
the meteorological conditions, the details of the tower and the thermal propertics of the
building. In this model the pads are assumed to have a flow resistance cqual 1o that of 10 cm.
thick cellulose pads, the same as the oncs used in the Arizona gxperiments.

The model calculates the tower exit air temperature (Texit), flow rate (Flow), the speed
(Spced), and the indoor air temperature (Tin, when the tower is wsed 1o cool a building). The
main cquations of the model dealing with the performance of the tower itsell (without a
building) are:

Texit = DBT - 0.87 * { DAT - WBT); (C)

Flow = 0.0368 * Acvap * sqri{ H ® (DBT - WBT) / L.5); (m*3/s¢c)
Speed = Flow / Atower; (m/sec)

where:

Acvap = arca of the evaporative pads, (3qm)
H = height of the tower, (m)
Atower = cross area of the tower, (sqm)

Figures ) and 2, drawn from the data of Cunningham and Thompson, show the measured and
calculated performance of this cooling system during two days and onc night. Figure | shows
the exit air temperature and Figure 2 the exit air speed.

It can be seen that when the outdoor temperature maximum was 40.6 deg. C and the WBT 21.6
C the tower €xil air temperature was 23.9 C. The corresponding speed of the exit air at that
time was 0.75 m/scc.

4.5. Passive Convgstive Cooling Tower

The following air cooling system has been proposed by the author l'gr the "92 EXPO, but has
not been tested yet (except for rudimentary preliminary tests) at the time of the writing of this
paper. :

If a source of cool water is available near the aréa to be coaled, ¢.g. from a ncarby river or
from a cooled pond (sce next item), then air can be cooled ively by a finc spray of the
water lalling down a vertical shaft (a convective tower). The falling fin¢ drops, having a very
large surface area, cntrain a large volume of air. The temperature diffecrence between the
ambient air and the air column in the shaft enhances the flow by the thermosyphonic effect.
Thus an air current is created which is cooled by & combination of cvaporative cooling and
convective heat transfer From the air 10 the water droplets.

As a source for the water for such a cooling tower a cooled pond, as described in the next item,
can be uscd. As cvaporation from the droplets takes place in the air, brackish water, il
available, would also be suitable for this system.

4.6. Cooled Ponds as & Source of Cool Water,

For scveral of the cooling techniques for rest arcas discussed above, such as cooling of
surrounding walls, the pavement, or a convective cooling tower, a source of cool water is
needed. A water pond ncar the rest area, with some “treatments®, can provide it.

A pond with sulficient depth, ¢.g. above 60 cm., will have & very small diurnal temperature
swing duc to its high thermal incrtis. Its average temperature will depend on the balance
between solar heating, radiant heat loss to the sky, convective heat exchange with the ambicnt
air, and the cooling by cvaporation. The relative magnitude of these factors can be controlled
and changed by some treatments of the pond.

Solar hcating can be minimized by shading the pond, ¢.g. by trees around the pond. The
average temperature of a shaded pond would be about the samc as the average WBT as the
evaporative loss is balanced by the convective gain. Shading may be a practical design solution
in 2 small pond, in a privale courtyard next to & building, but it may be less practical in the
case of a larger pond near a public rest area.
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Wilthout shading the cFlcct of selar radiation 15 mostly balanced by the increased evaporation
from the pond’s surface, duc to the elevated vapor pressure of the warmed water, and the
longwave radiant loss to the sky. Conscquently, in practice, the average temperature of an
exposed "decp” pond is above the average WRT and close to the diurnal average of the DBT.

When the objective is 10 cool the water of an unshaded poad betow the average DBT the
evaporative heat loss should be increased above the rate which takes place from the surlace
of the water, The evaporation rate can greatly be increased by a continuous (day and night)
very Finc-drops spraying ol the water,

The fine drops increase many folds the surface arca of the water, thus increasing greatly the
evaporation rate. During daytime the evaporation l'rom the spray brings the water temperature
close to the average daytime WAT. During the night the combination of evaporation and
radiation to the sky would cool the water to a temperature close to the minimum WBT. With
a sullicient depth the pond's temperature will be close to the average ambient WBT.

in arid regions the water temperature would thus be significantly lower than the daytime air
temperature, providing a cooling source for some of the systems discussed above.

5 Specifi 0 3 i Buildi

In the case of open spaces adjacent to a building but not separated by rclatively high walls
from the surrounding area it is possible, by plants’ shading {trces and pergolas), to minimize
the radiant temperature in the arca itsell, as well as the radiant load on the adjacent windows
and walls. But it i5 not practical to lower the air temperature in the open arca, ¢xcept by
artificial Fog. Greater climatic control is possible in enclosed open spaces.

Open spaces adjacent to buildings and encloscd by walls {(courtyards) and internal patios are
very common in many hot rcgions, mainly in developing counltries. Houses with courtyards are
considcred the most "appropriate” in many hot regions, especially in deserts, This notion is
based on the fact that such courtyards are very common in such rcgions and were so since
centuries. and miilennia.

However, when analyzed from the viewpoint of their impact on thermal comfort and energy
consumption (Givoni, 1987), it is found that their performance depends greatly on the detailed
design of the courtyard. With some details courtyards cam provide pleasant outdoor
environment and also improve the indoor thermal conditions. With other details courtyards
may actually clevale the indoor temperature and cause poor ventilation in the rooms located
on the leeward side,

By applying some specilic design details and cooling systems to courtyards adjacent to
buitdings &l is possible 1o lower, in summer, the air and the radiant temperatures within the
courtyard, below the level of the ambient air. A cooler courtyard provides, of course, a more
comfortable environment for children’s play and other gutdoor activitics in an area adjacent
to the buildings,

In winier, of course, a sunny courtyard is much more pleasant and healthy than a shaded one.
The trees should also not shade completely the building’s walls, and mainly the windows,
facing the courtyard. Therefore, deciduous trees and vines, with thick foliage in summer but
as "bare” as possible in winter, should be used for shading.

When adcguately treated, such adjacent open spaces can modif'y the climatic conditions of the
ambient cnvironment next 10 the "skin”, and openings, of the building and thus improve also
the indoor climate. Such modifications may include:
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- Lowcring the temperature by various forms of cvaporative cooling which can be installed
in the courtyard,

- Shading the building walls adjacent 1o the open space, by the shade elements in the
courtyard, without blocking the sun in winter.

- Increasing the insulation valuc of adjacent walls by densc and  high shrubs and vines, which
create a semi-dead air-space next to the wall's surface. This last cffect can be significant and

beneficial, both summer and winter, in the case of walls having very low thermal
resistance, such as metal or asbestos-cement buildings which ar¢ common in many
developing countries.

Modifications of the climatic conditions next to the skin of the building can be achicved only
if the courtyard is separated from the "gencral” environment. Scparation is required not only
lateeally, by high walls around the yard, but also above it, by built clements or by tree
canopics, which scparate the conflined cool air in the yard from the warmer air above,

5.1. Thermal Interaction Between a Buildips and a Courtvard

The possibilitics of thermal interaction between a building and an adjacent courtyard depend
to a large cxtcnt on whether an evaporative cooling system is used, or is not used, to coo! the
building.

v rativ

Evaporative cooling of fers the best possibilitics For utilizing the cooling system of the buiiding
for cooling the courtyard, because it cools very large quantity of air and exhausts the cooled
(and humid) air from the building (once through low). The cool exhaust air can be directed
into the courtyard and lower its temperature, before it is discharged to the "general”
environment.

Such integration of ¢(he cooling systems of the building and the courtyard is most effective in
the casc of an internal patio, surrounded on all sides by the rooms of the building. When it is
desired to utilize the exhaust air to cool a courtyard the duct system, distributing the cooled
air within the building, should be designed accordingly.

In this way the cooling system is wtilized twice: first it cools the building interior and then the
outdoor space, which can serve as a morc plcasant arca for rest and outldoor activitics. The
cooled courtyard, in turn, reduces the heat gain of the building across the adjacent wall and
windows.

Buildings cooled by compression air-conditioning systems have very low rates of air change,
Therelore, when a building is cooled by such a system, the courtyard has to be cooled by
differcnt systems.,

Un- - Buildi

Even when a buitding, located in a hot arid region, is not cooled by a mechanical system it still
can be kept during the daytime at & significantly lower temperature than the outdoors by
appropriate design. Such design should include solar contral, external reflective colors of the
walls and the roofl, and building materials of suitable thermal resistance and heat capacity.

An adjacent cooled courtyard should then vtilize scparate cooling sysicms, applicabie 1o
outdoor spaces, such as mist generators, wet walls, Fine spray Tountains, cic, as discussed
above. The temperature of the air in the courtyard would then be lower than the outdoor air.
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The cool air From the courtyard can be used as the source for the ventilation of the building
through openings in the scparating wails, cither by natural (thermosyphonic) or by forced
ventilation, e.g. by an cxhaust Tan at the other side of the building.

In comparing direct cvaporative coaling of the building itsell with evaporative cooling of an
attached courtyard, it should be noted that a courtyard can be cooled by systems which arc not
applicable for indoor use, such as wet walls, linc droplels fountain, mist gencrators, ¢ic.
Furthermore, a mechanical e¢vaporative cooler has to use high quality water to minimize
clogging of the wet pads where the evaporation takes place. On the other hand, some of the
systems suitable For courtyard cooling can use water nol suitable for mechanical cvaporative
coolcrs, such as brackish water, which is often available in srid regions.

5.2. Cooling Options for Courtvards.

In a private courtyard, internal or adjacent to the building, practically all of the cooling
systems discussed in section 4 can be applied, to lower the temperatures ol the air and the
surfaces enclosing the courtyard.

The function of shade ¢lements in a cooled courtyard is not only 1o block the sua but also to
provide some separation between the cooled air volume below the shading and the hottes
ambicnt air above. Shading of courtyards, which fulfiils these iwo functions, can el fectively
be provided by trees with high trunks and wide canopics and/or by pergolas of vines with
relatively thick foliage.

Such shading, together with the building itsell and the walls susrounding the courtyard, can
"isolate™ the air mass within the yard and minimize the mixing by the wind of the cooled air
with the warmer ambicnt air. With such partial scparation a desirable thermal stratification
is created during the daytime, with cool air below and warmer air above, preventing thermal
air curecnts.

Al the same time water vapor, generated by various cvaporative cooling systems which may
be applied in the courtyard, can diffuse through the trees canopics to the ambicnt
environment. in this way cvaporative cooling can proceed coatinuously without causing
excessive humidity.

During the night the plants canopy blocks direct radiant heat loss from the couriyard 10 the
sky, as the radiation is emitted from the upper layer of leaves. However, whenever the air
below the canopy is warmer than the air above it riscs, and the air cooled by contact with the
upper leaves can sink down, ¢reating natural convective cooling of the courtyard.

Dcciduous trees and vines can shade the courtyard in summer while admitting the sun in
winter, rendering the courtyard comfortable year round.

Effeci of Planis Shadi Wall’s T 1 Building's E

Although many articles and books were written on the climatic ¢ffects of courtyards on the
thermal performance of adjacent buildings, very few actunl measurements have been taken
to validate the theoretical ideas presented in those publications. Some cxperimental studies
have been conducted, however, dealing with the effect of plants on the surface temperature
of walls and on their cffcct on the cnergy consumption by sir-conditioning (Ref. 5-11). Of
particular relevance to the subject of this paper are the studiea of Parker in Florida (Refs. 8-
t1), on the el fects of plants around buildings on the wall's temperature and the use ol cnergy
for air-conditioning.
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On hot sunny latc-summer days the average temperature reduction of walls shaded by trees
or by a combination of trees and shrubs was 13.5-15.5 °C. Climbing vines reduced the surface
tcmperature by 3-9°C.

In the main study the tested building was an insulated double-width mobile home serving as
a children day-care center, in Miami. Encrgy uses for air conditioning were comparcd in two
periods, before and aflter landscaping, during days with similar weather conditions. The
landscaping consistcd of trees and shrubs around the building,

Avcrage daily rate of encrgy consumption for air conditioning in the period without ptants’
shading was 5.56 kWh/h and after landscaping it was reduced to 2,28 kWh/h ¢n hot summer
days. The effect of planting was even more marked during the alternoon hours {the peak load
period): the average rate of cncrgy use was reduced from 8.65 to 3.67 kWh/h.

inga C :

Taking into account the effects of un-cooled, landscaped, yards on the cxposure coaditions and
thermal performance of buildings, the impact of enclosed (walled) courtyards, shaded by trees
and coolcd by some of the cooling systems discussed above, where the air temperature would
be lower than the ambient, on the cnergy usc of buildings and on the peak demand for
clectricity For air-conditioning, can thercfore be expecied 1o be quite significant.

Several fcatures of an enclosed courtyard adjacent to a building can be designed as cooling
clements, among them :

- the walls surrounding the yard,
- a shaded water pond with spray fountains,
- the pavement of the court,

The surfaces of 1he walls facing the courtyard can be cooled by provision of closcd cycle Flow
of watee, Mlowing down over the surfaces, and cventuaily into a pond in the courtyard. The
cooled surfaces of the walls facing the courtyard lower the radiant and the air temperatures,
te which persons staying in the courtyard are exposcd.

A pond io a shaded courtyard, with Fountains gencrating (inc-drops spray, can maintain the
waler temperature near the diurnal average WBT,

If so dcsired, the water [low from the walls can continue under the pavement of the courtyard,
to Further lower the environmental radiant temperature in the space.

6. Seccific Considerations in Cooling Free-Standing R

Rest arcas, as distinct from walkways, are relatively wide. They can also be designed with a
¢ross section and boundary conditions which would help in controlling their micro-climate.
The degree of climate modification that is achicvable in rest areas is therefore greater than
what is possible in narrower and longer walkways.

In hot regions the objective of micro-climate control would be to minimize the solar radiation
and lower the radiant and air temperature 35 much as is practical. Special geomeirical
configurations and treatments of the boundarics of rcst arcas can facilitate the achicvement
of these objectives.

e
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6.1. [mpact o[ Design Detail of Rest Arcas.
b Ar

For a given size of a cooled rest arca a shape close to a circle or a square configuration would
be the best one, as it maximizes the smaller dimension of the area.

A wider arca enables 10 achicve greater difference between the micro-climate of the rest area
and the ambicnt climate. Overhead shading is more ef fective the widcr the area because lateral
sun, penetrating From the sides, affects relatively smalier {raction of the area, and pcopte
within it have mote opportunitics to move to the shaded parts. More techniques for lowering
the air and radiant temperatures can be applied in wide areas than is possible in narrow ones.

Cross Section of the Arca

A sunken cross-section, with special treatments of the surrounding banks, discussed below, can
protect persons within the rest arca from the reflected solar and the longwave radiation
emitted From the hot ground around. A sunken area can also help, by enhancing stratification,
to maintain air temperature within the space at tower level than the ambicnt air, when cooling
15 applied.

6.2. Treasment of the Ground and Surrounding Boundarics

As mentioned above, the only way by which the air and radiant temperatures in an open space
can be lowered below the ambient air level is by the use of some form of dircct or indirect
water evaporation. Therefore, if water is not available, except for growing trees and shrubs,
all that can be done to reduce thermal stress in rest areas is 10 minimize the solar load by
providing effcctive shade, by trees or by built clements. In this case some wind is helpful in
enhancing comfort as long as the air temperature is below about 38 deg. C., and the boundaries
of the rest area should, therefore, cnable wind penctration.

On the other hand, when water is available and when it is possible to lower the radiant and
air tcmperatures in the rest area below the ambient level, the rest arca should be scparated
physically by some means [rem the surrounding ground and the wind speed should be
minimized,

Physical scparation between the rest arca and the surrounding ground can help in creating a
micro-climate different than the ambicnt one. Such scparation can be provided by "green” or
built fences, and by carth berms, around the area. The surrounding clemcats should be treated
so as to minimize their surface temperature. Trees and shrubs maintain surface temperatures
of their lcaves close to the ambient air by evapo-transpiration. Earth berms should be covered
by vegetation to maximize their effcct. Built fences could be wetted, to lower their surface
tempcerature,

The ground of the rcst area, il paved, can also be cooled by conduction when cooled water

flows beiow the pavement. A cooled pavement can cffectively lower the radiant temperature
10 which the persons in the rest arca are exposed.

6.3. Summary of Cooling Technigues Applicable to Rest Areas

The following cooling technigues can be considered (or lowering the temperatures in rest
arcas. Details were given in section 3.

- Mechanical Evaporative Cooling, with ducting of the cooled air  into the rest area.

- Artilicial Fog.
- Passive Evaporative Cooling Tower.

- A Cooled Pond, which can serve also as a source of cool water for the Tollowing cooling
techniques:

- Passive Convective Cooling Tower.
- Cooled walls around the rest area.

- Cooled Pavement in the rest area,

7. Specific Consi ions in Treating Lj Walkw
7.1. Diffcrences Between Rest Areas and Walkways

Evcn when a walkway is shaded by an overhead device, the protection which can be provided
from direct and indirect solar radiation is less than what is achicvable in a wide rest area.
Ncar noon time an overhead shade provides good protection from the sun in all cases.
However, the situation is different in the morning an mainly in the alternoon hours, which
often are the hottest, when the more obligue sun rays can reach the walking people. When the
sun reaches a certain part of a narrow walkway the people may have less options to move to
the shaded parts than is possible in widcr rest areas.

The effectiveness of an overhead shade a walkway depends to a large extent an its orientation.
An East-West walkway can provide somewhat better shade in summecr than a North-South one.
However, in both cases averhead shade can not provide complete protection from direct solar
radiation in narrow walkways.

Also the protection from indirect solar radiation: reflected solar and emitted longwave
radiation from the hot surrounding ground, is more difficult and often less effective than in
wider rest areas.

However, with some design details, discussed below, it is possible to minimize this lateral
radiant source.

Cooling of the air over a whole long walkway is practically impossible, except in small selected
seclions where people may stay for some time (c.g. in front of a kiosk along the walkway).

Appropriate cooling systems lfor watkways are discussed below.

7.2. Treatments and Cooling Technigues Applicable tq Walkwavs

Practical treatments of walkways can include the following:

- Overhead shading by man-made materials, such as canvas, plastic sheets, ctc., or by Irecs
along the walkway and plants’ pergola. This is obviously the [irst thing 10 do and will not be
discussed further on.

- Reducing the lateral radiant heat load.

- Cooling the air over the walkways in sclected places.



The lateral reflected and cmilted radiation can be reduced by two types of treatments. The
first is 1o lower the "natural® reflectivity and the surface tempeeature of the land arcas along
the sides of the walkway. The second is [0 install barriers. built or of plants, atong the
walkway and thus blocking the radiation before it reaches the people.

The albedo (reflectivity) of the natural ground, often of light color in arid regions, is usually
aboul 0.4 to 0.6, s0 that the rellected solar radiation from the ground is significant from the
thermal stress aspect. The surface temperature of exposcd and untreated soil during the
summer daytime hours, cspecially between 10 a.m. and 4 p.m,, is significantly higher than the
air temperature, increasing the emission of longwave radiation,

Covering the land along the walkway by any kind of dense vegetation: lawns, low shrubs,
flowers, ctc. reduces both the surface temperature of the ground and its reflectivity. Wide {e.g.
about 10 meters) strips of "green” land along the walkway will thus reduce significantly the
lateral rcflccted and emitted radiation.

A sccond option for reducing the lateral radiation reaching the peoplic on a walkway is 10
block it by built or “grecn” fences along the walkway, about 1 meter high. With such a height
the barricr blocks most of the 1ateral radiation while not blocking the vicw, and the wind, over
it

Carc should be taken, however, 10 insure that the temperature of the (ence's surface lacing
the walkway would not be ¢levated significantly by absorbed solar radiation.

The surface temperature of Green fences, e.g. of shrubs, is kept closc 10 the ambicnt air level
by the naturail process of ¢vapo-transpiration. Built fences exposed 1o the sun, on the other
hand, may have 8 higher temperature, even of the surface facing the walkway, and may need
some treatments to prevent it

Maintaining a white color of the external surfacc of the fences insurcs reflection of most of
the impinging solar radiatien. The color of the surface Macing the walkway is not important
hecause this side is shaded by the overhead shading device.

Strips of trees with wide canopies along a walkway can reduce significantly the lateral direct
solar radiation. Il the strips are wide enough they cffectively reduce also the reflected and
cmitted radiation from the shaded ground underncath,

licable Technigues [or Cooli . wal

As discussed above, several of the cooling systems which can be considered for wide rest arcas
arc not effective, or not applicable, to narrow walkways, such as lfor example: cooling the
walkway's pavement, cooling the air over the whole walkway, etc.

However, for selected small segments of a walkway, the lollowing cooling systems can be
applied.

Mist generators produce under high pressure very fine water droplets, so small that they
actually float in the air and evaporate in few scconds. The evaporation process draws heat
from the ambient air and cools it. In an open environmens the cooled air mixes with the
gencral air volume so that the resulting temperature is about halfway between that of the

ambicni air and the WBT.

Even with very light wind the mist is carricd away with the air flow. Therefore only localized
cooling, at sciccted places slong a walkway, is practical with this system.

This cooling system for walkways has been proposed by the author for walkways at the ‘G2
EXPO, but has not been tested yet at the time of writing of this paper. 1t consists of fence-
like walls built with perforated bricks, with the bricks’ holes horizontal and perpendicular to
the wall, so that the wind can flow through. When the wall is wetted the bricks are cooled by
evaporation and air flowing through their holes is cooled by a combination ol convection and
cvaporation.

A rudimentary prototype was built at the '92 EXPO site in Seville. Although temperaure
measurements were not taken subjective sensation of the persons present was that of a
significant cooling cflect. This cooling sensation could result from the combination of cooler
air and lower radiant temperature next to the wall.
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