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A LARGE CLIMA'IE-MODERATING ENCLOSURE SUITABLE FOR HOT ARID CLIMA'IES 

Christopher G.H.jofeh 
Ove Arup & Partners 

13 Fitzroy Street 
London 1'1Pt.BQ 
United .ICingdom 

The purpose of this work is to design a large volume ( >10~ m3 ) 
climate-moderating enclosure suitable for hot arid climates. Without 

air-conditionin1 or any other powered mechanical cool.int device it is to 
maintain an internal temperature si1nificantly cooler than outside ambient. 
The interior is to be naturally lit. Potential uses of such an enclosure include 
agriculture, shoppin1 centres, office parks and manufacturin1. 

The background to this work is diverse: Buc.tminster Fuller's one mile 
diameter dome OTer Manhattan (3); the one hundnld acre roof of the Haj 
Terminal at Jeddah airport; the visionary ideas of NikolAus Laing (t.); and the 
pioneerin1 computations of a group at the O&.t Ridae National Labora&ories (8). 

A mathematical model hu been constructed on a Macintosh 
microcomputer of the energy flows Yilbin a hypothetical large 
climate-moderating enclosure (LCME) situated near Tucson. Arizona. The LCME 
is very simple and is sho'Wo in Figure 1. ll consists of a shallow depression in 
lbe ground surrounded by tail earth •alls. The roof canopy is made of a durable 
and reflective architectural fabric arranged in larae scale louvres, suppo.rted 
by a Yidely spaced regular grid of steeJ or timber masts. 
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Fig. 1. Prototype Large Climate-Moderating Enclosure 
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The principles behind the design are also very simple . The cimopy 
reflects: most of the incident solar radiation . • Uthe same time it is also open to 
the sky "Which permits en exchmige of long-.a...-e radiation bet..-een the 
intttior of the enclosure and the slc:y, Thich acts as a radiative sink. The 
massive em-th irells insulate the si~ of the enclosure. The roof is set beloT the 
top of the valts to discourage the mixing of wind-driven hot outside air vi th 
the cooler air within the enclosure. In this -.ay a pool of cool air is maintained 
at the bottom of the enclosure. Natural convection ensures: that the bottom of 
the enclosure tends to remain its coolest part. 

The energy flo..-s that are accounted for in the model are es follo..-s: 

1.Long-.aTe end short-.aTe radiation, both inside end outside. The besic 
radiative uchangm are mo'lil"Jl in figure 2. The s:ymbol R means either 
longTm.Te or short'W'llTe radiation. RH. R15 end R16 represent emissions from 
the upper and loTer surfaces: of the canopy and from the ground and are 
therefore onlylong111!.Te. Rl represents either short"lnl.ve ra<liation from the 
sun or 1ong"li18.ve radiation from the sky. The radiative temperature of the sky is 
cal<:ulated using relationships devised by Berdahl end Fromberg (2). The 
de"l7p0int temperature is calculated from the dry bulb Bir temperature and 
relative humidity. 
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R 14. R 15 & R 16 are longwave only 

Fig. 2. Basic Radiation Exchanges 

2.Conve<:tion from ground to mr and from canopy to mr. The besi<: 
convective exchanges are sho"lf'Jl in figure ). These are based upon correlations 
established by Alamdari and Hammond (1). 

).Conduction of heat in the soil beneath the floor of the enclosure. The 
sub-soil conduction of heat is cal<:ulated using the layered model shoYn in 
figure 4. talcen from Ingersoll. Zobell and Ingersoll (4). 
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Buoyancy-driven: 
8'=[ { 1-4(AT /LY0.25} .6+{ 1.63(A n·o_ 33}-6)·0_ 16 7 W /m·2 K 
Stably-stratified: ..• , 
8'=0.6(AT /L ·2>·0.2 W/m·2 K ·:;/)i"" L=charecteristic length 

::·~~~~~~!T!i !i ! i!i!i !i !imlrniili~""'u:~:i~~! i;~;~Uii!H!i!ii!W 

fig. 3. Basic Convection llodel. 

During time At : 

Heat flow frnm plane n-1 
to plane n = 
At(Temp[n-1 J-Temp[n))le/ Ax 

Heat flow frnm plane n 
to plane n+ 1 = 
lt. t(Temp[n)-Temp[n+ I ))le/ AX 

le: thermal conductivity 
C: heat capacity 
d: density 

Net flow of hent Into plane n = 
lt.t(Temp[n-1J-2Temp[n)+Temp[n+1 ))le/Ax 

Rise in temperature of plane n = 
At(Temp[n-1 J-2Temp[n)+Temp[n+ I J)lc/({tt.x·2}dC) 

Fig. 4. Basic Soil Conduction Model . 
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The model also t&tes account of the followin1: 
I .Soil Prooerties. 
The soil beneath the floor of the LCME is dlYided into 10 Jayer:s, and each 

layer may be a.ss.isned its ovn thickness. conductivity. density and thermal 
capacity. The surface of the soil is assigned reflectivity and absorbtlvity in the 
shorttvave and Ion pave. It is also assigned a Ion gwave emissivity. 

2 .C&oopy Propertjes. 
The roof canopy is assumed to have no thermal capacity. It does have 

both Joni- and shortYave reflectivity, absorbtivity, transmissivity and 
lon1wave emissivity. 

3.SoJar and other Ieat.her Input ('5.2). 
The solar intensity on a horizontal surface can be specified at hourly 

intervals throu1hout the day. Dry buJb air temperature and relative humidity 
are assumed to vary sinusoidally. The pro1ram user supplies the lowest and 
hi1hest daily values and the time at Yhich lhe lowest value occurs. 

4.Heat Sources and Sinks. 
a.Infiltration of outside air. 
b . .Artificial sources of power at floor and canopy levels. 
c.Absorbtion of specified fractions of Joni- and shortYave radiation 
inside the enclosure by pJants. 
l.Sequence of Calculations. 
The program performs its calculations at regular time steps throughout 

lhe day and night. typically hourly or half hourly . Before it can begin these 
calculalions it must 'initialise' the soil, that is to say it must establish realistic 
temperatures in each of lhe soil layers. This it does based upon lhe user's 
1uessed ran1e of soil surface temperature variations. At any depth the 
temperature ran1e is calcuJated from (7): 

ATz. •To e-z../(lT/KP) 

'Where .e.T is the surface wave a.mpUtude . .e.T0 is the wave amplitude at depth 
z. K is the f.herm.&1 diffusivity of lhe soil and P is the wave period in seconds 
(86-400 in the case of diurnal cycles). The time .laa is calculated from. : 

t • (z/2) ../(lT/KP) 

ivhere tis the time lag. The canopy temperature is initialised by searching for 
a temperature at which radiative and convective flui:es are in equilibrium. 
Initialisation and analysis be1in at a time chosen by the user. Checks have 
shown that the predictions of the model are not sensitive to the choice of ti.me. 

Once conditions have been initialised, it is possible to proceed with Lhe 
main analysis. The sequence of events is shown in figure l. At each time step 
lhe results of the calculatioo.s are plotted graphically on the screen of the 
computer and are also printed in tabular form. The graphical output of a 
typical ru.ll is show.ll in fi1ure 6. 

The temperature or the surface or the ground represents lhe conditions 
at the floor of the enclosure. which are always cooler lhan the outside air. 
Durin1 the daytime the canopy heats up to much bigber than the air in order 
to find equilibrium between its solar 1ains and its longwave and convective 
losses. At ni1ht the opposite occurs and the canopy reaches equilibrium at 
temperatures between the ground and the air, with longwave radiative losses 
balancin1 smaJJ convective gains. The small steps in the sty temperature are a 
feature of the model used. ivhich changes slightly at daivn and dun. 

r 
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t 
I NEXT TIHE STEP I 

I CALCULATE NEW OUTSIDE CONDITIONS: I 
AIR, SKY, SUN 

I 

I CALCULATE ALL RADIATION FLUXES I 
I 

I CALCULATE INTERNAL 8ROUND SURFACE I 
NET RADIATION FLUX 

I 

I CALCULATE INTERNAL 8ROUND SURFACE I 
CONVECTION FLUX 

I 
CALCULATE SOIL LAYER TEHPERATURES ASSUHIN8 

SURFACE RADIATION AND CONYECTION FLUXES 
REMAIN CONSTANT DURIN8 TIME STEP 

I 

CALCULATE CANOPY TEMPERATURE ASSUMINO I 
EQUILIBRIUM BETWEEN CONVECTION AND RADIATION 

Fig . l . Analysis Sequence. 

Table 1 lists all the parameters used in the run presented in fi1ure 6. 

Analvsis Becins at 6am. No infiltration or artificial power input. 

Radiative Properties (1.). 

C&oopy 
Short 
C&oopy 
Loni 
Soil 
Lona 
Soil 
Short 

Absorbed 
2) 

Reflected 
2l 

n 
ll 

3) 

Soil Conductive Propertles 
Ihic.tness Conductiyity 

m l//m/X 
0.0l 0.3 

Outside Air 
Loyestiemo 
21 · cat)am 

Solar Input. 
Time ~am 

l//m2 
7pm 
0 

6am 
6pm 
•~o 

Table l Basic Parameters 

Hi1hestTemo 
37"C 

7am 
lpm 
300 

Sam 
~pm 
lOO 

Tranmaitte!I 
)0 

10 

0 

0 

Capacity 
J/m3/K 
1280000 

LoyestRH 
13'9 

9am 10am 
3pm 2pm 
700 800 

~ 
0 

I) 

8) 

0 

~ 
.tg/m3 
1600 

Hi1hestRH 
36'!. at2pm 

llam 12 
lpm 
8l0 900 
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Fi1. 6. Typical Daily CycJe Of LCME 

The results presented in figure 6 are for just one of_., combinations 
of canopy radiative properties th.at have been e:s:amined. The range of radiative 
properties are g.iTen in tables 2 and 3. 

A) 
B) 
C) 
D) 
E) 
F) 
G) 
B) 
I) 
J) 
ID 
L) 
M) 
N) 

Absorbed 
0 
0 
0 
0 
0 

z' 
2'.5 2, 2, ,0 ,0 ,0 
75 
100 

Reflected 
0 
2' 
'.50 
75 
100 
0 
2'.5 

'° 7' 
0 
2'.5 

'° 0 
0 

Table Z Canopy Lon1vave Properties(~) 

Absorbed 
1) JO 
2) 1' 
3) 20 

Reflected 
70 
75 
75 

Table 3 Canopy Shortwave Properties ( 'l) 

TransmiUed 
JOO 
75 
'.50 
2'.5 
0 
75 

'° 2, 
0 
'.10 2, 
0 2, 
0 

TransmiU.ed 
20 
JO 
'.5 

~ 
0 
0 
0 
0 
0 
0 
0 
2'.I 
2'.5 
'.10 
'.50 

'° 7' 
JOO 

Emilld 
0 
0 
0 
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Table <f summarises the results of these runs. The conclusions that can 
be ma.de fro.m. these results are. perhaps. not surprisio.11 and therefore 
encouraging . I\ is clear that significant. reductions in temperal.ure are possible 
by passive means alone. There are at least three buic conclusions to be drawn 
from these analyses. Tho first is that the lon1Y&Ve absorbtivity of the LCME's 
canopy should be as low as possible . The second is that its lonpave reflectivity 
should be as lov as possible. The third is that absorbtivity is more crucial than 
tefleclivity. These can be summarised by sayin1 that Jonpave tn.nsm.issivity 
should be as hi1h as possible. 

Sbitd:Y&n; l 2. l 
Lon1vave 
A) 37.3"C 27.3 22 . .C 
B) -40.9 28.6 22.-4 
C) -43.8 29.0 21.0 
D) .C7., 272 13 . .C 
E) -48.3 • 
F) .fZ.8 32.9+ 28.6 
G) -47 . .C 3,.9 30.6 
H) '.52.9 38.8 32.I 
I) '8.3 .C0.3 31.0 
j) -46.0 37.2 33.2 
u '.51.7 .... , 36 . .C 
L) '.58 .2 4'.5 .9 .C0.9 
M) .CS .7 .C0.3 36.'.5 
N) '.56.2 4'.5.6 .CJ .7 
0) '.51.'.5 43.0 39.8 
• Did not converge to a solution after <f8 hrs + Illustrated in Fi1ure 6 

Table 4 Sum.m...-y of Muimum Internal Gtound Level Temperatures For 
Different Combinations of Canopy Short- and Lonpra"re Prope.rties. 

E:s:tensive runs have been carried out to m.at.e sure that the resuJts being 
obtained are not sensitive to any of the assumptions made or particula.r values 
of pa.ram.eters chosen . These are summarised in Table '.5. The parameter th.at h.as 
the most marted effect on peak internal temperature is the assumed absorbtion 
of lon.,,.ave radiation within the LCME by. for enmple. ve1eC&tion . Leaves are 
very good absorbers of Jonavave radiation (9'.5'J. is a typical fisure). However 
the behaviour of a plant stand is different from the behaviour of its individual 
le.ave_s (7). A more realis.tic model of plant beha.viour...-ould h ave daytime 
shortwave and lonpa"re absorbtion by the st.and partly offset by convection 
and lonpave emission; at nig.ht it is quite like.Jy that convection vouJd partly 
compensa&e net Jon pave heat loss by the leaves. The ne1.t sta1e in the 
development of this program .is to construct a simple model of plant stand 
behaviour. 

Apart from the absorbtion of JonaY&ve radiation by plants. the parameter 
that has the most marted effect on the mode.l's predictions is the thickness of 
Lbe soil layers. This is not surprising because i t can easily be shoYn that with • 
dry sandy soil (the tind of soil whose properties have been a.sswned) daily 
temperature nuctuations penetrate to a depth of Jess than. 0.'.5m. Even a.n.nual 
fluctuations reach oo.Jy about '.5m. It is therefore important to have thin 
enough upper layers in the soil so that the model can perform appropriately. 
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Pan.me&er Mui mum Internal Temoera&ure 
&sic re1im.e (Table I) 
Be1in anaiysis at 6pm 
10~ absorbtion of internal lon1Tave radiation 
10~ absorbtion of internal short'Vave radiation 
101' /m2 poiFer suppHed to the canopy 
101' /m.Z poYer supplied to the ground 
500m3/hr infiltration of outside air 
Peat solar input increased to 900 .. 1000 .. 9001V /m.Z 
Soil conductivity doubled 
Soil thermal capacity doubled 
Soil lonpave absorbtivity/emissivity increased to 90!. 
Soil short'Vave reflectivity increased to 4:5'1. 
AU soil layer thicknesses doubled to O.lm 
Soil foyer 5 layers only doubled to 0.lm 
Ground convection increased by 2:5!. 
Canopy convection increased by 2:5!. 
Outside air highe9l lemperalure increased to ..a· C 
Minim.um RH reduced to 5!. 
Minim.um outside air temperature increased to 23 • C and 
Mui.mum RH increased to 47!. (July I August Teather) 

Table 5. Summary of Sensitivity Runs. 

3:5.9"C 
362 
24.I 
34.3 
36 .6 
36.2 
36.2 
36.7 
35.7 
31.9 
36.2 
34.8 
32.4 
36.2 
36.3 
3:5 .7 
38.:5 
33.0 

37.0 

Briefly. the conclusion of this paper is lhal il is possible to design and 
construct LCMEs that maintain Tithin themselves climates that are 
signlficanUy cooler than outside. These LCMEs function by p~ive means 
alo.oe: that is to say. they need no airco.oditio.oio1 or other po'Ver-consumiog 
devices. Their potential uses are e11:tensive: agricullure and horticulture are 
obvious choices. Computer studies have shown that a louvred roof canopy that 
provides the necessary therm.al controJ still admits sufficient daylight for 
vigourous plant gro'Vtb . Other uses include shopping centres. office parts and 
manufacturio g facilities. ln all these cases. the LCME would provide a volume 
of space in Thich other more conventional buildin,s would be constructed. 
These conventional buildings would then require far less insulation and 
airco.oditionins than they would if they vere outside the LCME. 
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