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ABSTRACT

TheeffectofventilatingtlreSPacebetvleen¿m¡inwall.andanexterior

netallic siding is examined r+ith resPect to reducing Ehe buildíng's cooling

load. The buoyant force of the air in the space is considered as the mo-

tive force of air flow and the effect is treated as a problem of simultane-

ous heat and mass-transfer'

Asimulationprogramofhe'atandairflorpsinaverticalairgaPhas

beendevetopedusinglaminarflowtheory,andítsvalidityisexaminedby

Lhecomparisonofthesimulationresultsçithresultsobtainedfromawea-

ther exPosed full-sca1e model '

Thecomputersirnulationsuggeststhattheventilationofairspaceshas

thepotentia'ltoreducetheradiative'heatgainofbothopaquewallsandof

triPle glass windot¡s'
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1. IMRODUCTION

When louvers or shade devices are on the outside of a building envel-

oPe, most

both sides

of the absorbed solar radiation is released to the outside from

however, the use of such devices is linited for

of the building is reduced;

technical- and architectural

reasons.

In a sinilar fashion, when Ehe back space of an exterior siding is ven-

tilated the siding can also be cooled from its inner surface, and heat

transmission inÈo the main building errclosure could be reduced. As a sid-

ing absorbs solar radiation, its surface temperature rises, thus heating

the air in the backing space. For exanple, the temperature of air in the

backing space of a lightweight metal siding has been found .to be 30'C high-

er than arnbj-ent outdoor air; in consequence, gravitational or buoyant for-

ces, if allorved to develop, w111 have a signif icarLt ef f ect in ventilating

the backing spa,ce and thereby reduce the buildingrs solar gain.

This ventilation effect was examined by deveJ-oping a computer sj-mula-

tion of the air novenent and heat flow j-n a vertical space. The resul-ts

frorn this simulatj-on \üere then compared with experi.mei-ital results fron a

full-sca1e model.

The ventilation effect of an air space on the thermal performance of

various wall and windol+ structures are also examined by the sinulation

program and the results sllggest their potential for passive reduction of a

builcling rs solar gain.

of the device and the cooling load
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2. }IATHE}IATICAI, }IODEL

I"tren solar radiation is

and wal1, the heai

absorbed in a siding located in front of arr air

is transferred to air on both sides of the sid-

back space of the siding i, r"r*"r than outside

gap

ing.

aír,

!trhen the air in

gain

the

movement develops, frictional force at the

inertia forces combine to oppose the

stabilizes at

buoyancy forces work on the air in the space to nake it rise. As this

enclosing surface boundaries and

buyoancy force; subsequently, the air

a velocity for which the three forcesmovement in this space

balance.

Ïhe heat balance in the space is maintained by heat exchange between

the side rvalls and air, and ttre heat transportatr'-on by air f 1ow; conse-

quently, both heat and rÐass exchange will ultimatel-y dictaLe the air space

temperature. For a balanced conditj-on of air movement and heat flow, heat

and force balances Eust be treated simultaneously (Fig. l). In a faminar

flow range, th9 Nevtonrs theory of. frictional force can be applied, and

here it is assumed to be applicable.

Typically, the overall siding width is much larger than the depth of

the air space, and the temperature and flow fiel-d may be assumed tr+odimen-

sional; the sj-mulation prograü is accordingly based on the theory of two-

dimensional heat and fluid flor.¡ [2,3).

The air space may no\,/ be divided into many thin vertical conlrol fay-

ers, each of v¡hich are paral1e1 to bounding surfaces. I{hen the surface

temperature on both sj-des of t.he air space is higher than the outdoor air,

the temperat-ure of the air which flows j-nto the space increases gradually

jnd rises.
)

ì
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Naturally, heat loss also occurs from the outer siding surface, either

by forced convection (wind), natural convection,

ever, these losses ç¡ill not be considered in the

analytical model.

atd/ or re-radiation; how-

development of the present

2.1 Balance of Energy

The ternperature distribution in the ai-r space is calculated as follows:

\^lith respect to (Fig. 2), the very thin control layers

horizontally divided j-nto smal1 sections of heighr h.

ducted frorn the next space into the control space under

f unction of the interf ace area l^J.h, the dístance of

corrtrof spaces d, t'[re conductivíty K of the air,

difference ôÈ, as given by :

^t

in the air space are

The heat Çf con-

c.onsiderati-on, is a

centers of the tç¡o

and the tenperature

(1)

(2)

q =W'l hK
d

where :

\^¡ is the width of the air space.

\'lith the air flow paraller to the '"'a11s, the heat g2 suppliecl by the

air flow into the space under consideration is :

Q2=CPpV (ti ti) I,I d

where

I

t1 and t1 are, respectively, the temperature of

j-nto, ancl out of the ith control space;

the air which f loi,¡s
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Cp is the specific heat

p is the density of the

V is the air veÌocity.

The conLrol layers

divided sections are

ti-I, i-ti, j * ti+1, j-ti, j
di -t+di di+dt+l

2 2

of the air;

air; and

are now assi-gned suffixes i's, and the vertically

designated by suffixes j's, ihe heat balance equa-

tion in the control space at the ith layer and jth section is :

K.hr.H. * f 
ti,¡-t-ti,¡ n ti, j-i-ti, j) *.r.u,

\ ht-i+r'1 h i+ni+J / 
r

\Z-z
+ Cp p Vi (ti-t i-ti .i ) l.J.di = 0

," ,J

(3)

/.) Heal Flow from Walls

The surface of each air space is treated, ideally as a single layer

v¡all-. The equivalent heat conductance is calculated from the series of

thermal conductances of every layer for each wall, and the heat transfer by

convection and radiation are treated separately on each of the four sur-

faces of the two valls.

The walls are also divided into 20 horizontal sections, in the saüe

manner as the division of the air layers. The heat transfer between a sec-

tion of a wall- surface and the contacting air layer is, subsequently, as-

sumed to take place separately for each of the sections.

i

'
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The heat exchange betq'een a wall surf ace and the air layer, r.'nich con-

tac ts

partly

the surf ace, is by conduction. Tl-ie

conducted to the neighbouring 1ayer,

absorbed heat in the layer is

and part l-y trans ported by the

a wall is neglected.

273 + tr

atr movement.

2.3 Bafance of

Vertical heat transmission through

Forces

The buoyant pressure rr'hich works on the ith control layer is the dif-

ference between the gravitational pr:essure of this cont::ol layer, and of

the outside air column at the saroe height. This pressure is a function of

the air density whÍch rnay be expressed as a function of the temperature by:

273 + Lrpo
J t 273+tj

r¿here :

P is density in Kg/r¡3 ; and

t is tempe'rature in oC of the air.

Suffixes j and r correspond respectively to the air in the layer-

and to the reference air. When an air layer of the height , H, is verti-

cally divided into n sections, and the temperature and height of each

section is expressed by t¡ and hj (j = 1 through n), respectively, the

gravitational pressure Pl which is caused by this air layer is the sum-

üation of the gravitational pressures of every section; thus :

n 273 -t tr n
gPr r h

i-1
J -r

T),f x
J

I j=1
h¡ 8pr

213 )- tj 273 + ri
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space is cons tant , to, then the

is:

hhen the outside air temperature

gravitational pressure P z, cause<ì

P=^n ¿iPr
273 + tr

H

273 -r to

The dif f erence in the t\.ro pressures P1 and P 2 is

Pi, t+hich is the notivational- force to move the air

layels; thus :

273 + Er 273 + t,

the- buoyanl

in the iLII

Pre s su re

control

n
Pi=P]-Pr=gQr (x h j H ) (4)

Some part

accelerate

(s)

j=l ?-73 + ti 273 + to

I{hen an air nass is accelerated from the outside still condition to a

velocity v i,n

of Èhe buoyant

¡¿here :

the aír

Pressure

space, the mass

is converted

attains a dynamic force.

into dynamic pressure to

the air mass, and Èhis dynami-c pressure P¿ is given by

Pd
It 2p V

Po is the density of the outside air.

/
,l-!
:l
I

I
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. The frictional force, which is caused on an air layer by coniact rv'ith

the two neighbouring layers is calculated fiom Neiston's law.

The velocities of (i-t¡tn, ifh and (i+t)tn layers are expressed by

vi-I' vi and vi+I, respectively; the frictional 'force Ff, which is

caused on the ith layer by the (i-t¡tn and (i+l)th layers is :

F¡
vi -vi+ I
diidi+t

p H.W (6)

(7)

2

r,¡hefe:

Þ = is the dynamic viscosity of the air;

di-1, d1 ancl di+t are the thicknesses of (i-t ¡ttr, ith and (i-rt;ttt

1 yers.

The force Fb, rvhich is caused on the ith layer by the residual of

the buoyant Pressure subtracted of the velocity pressure, is the pr:oduct of

the horizontal secEional area of the air layer and the residual pressure as

Fb=Wxdix(Pi-P¿)

n
=Wxdi*(gpr(I h

i-l
-i-

273 + t,
273+L

I
7Po v

2
J

J

I I{hen the motivational- force Fb

Ff, the flow of the ith air layer

balances t'ith the frictional force

stabilizes, as i

,l:]
_-.1
:::l

t:::)

::: .r
-. -'.t

(
Fb=Ff (B)
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The equation of force balance (B) is established for each layer in the a.ir

space.

\',hen a siding is

passage between the

dynanie force of the

velocity in Èhe air space, and

the velocj_ty distributj-on in an

tricted part of the air

the air space in Fig. 1.

over eac-h air layer.

2.4 Solving Eeat and Air

To attain a balanced

attached to the exterior of a wal 1, the vertical air

siding and t¡al-l- is restricted b;; the f raurework "

air movement is calculated by using the nnxinum

the volumetric f1o-w rate is calculated from

The

a].r

layer.

balance

lated by dividing the volumetric flov- rate in

air space. The naxinum velocity is cal cu--

the erea of the most res-

passage, f or example tl-Le opening at the bottom of

The dynanic force is assuned to distribute evenly

Flow in an Air Space

heat andcondition óf air flow in an air space-,

the equations

heat balance

sections,

As the

and

equation

the force

of heat f orce balance ruust be sol-ved simultaneousJ_y. Theand

(3) is set ior each of the control spaces and wal1

balance equation is set for each control

number of unknowns are large, the equation of force

is a binonial equation of air veJ-ocity, the solution cannot be attained.

directly. The balanced condition is sought by successively correcting the

velocities and temperatures of the control spaces by optimization tech-

niques ' starting from roughly estimated velocity and temperature distribu-

tions.

A computer progran \{as developed to process these equa.tions. In this

program) an air space is divided lnto eleven vertical sections, and into

t\,¡enty equal spaces. The thickness of the la1'ers are changecl to attai.n a

(B)

and
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better simu-lation result. ln the neigh-hourhood of a 'v¡af I surf ace, the tem-

perature and velocity gradi-ents are larger than il the cenLr:al part of ar-r

air space. The thickness of the control layers was seI thinncrr in the per-

iphery than in the centre of an air space (see Figs. 5 & 6).

The cornputational process required about five hundred repetitions of

the correction of temperatures and velocities at every control space. When

solar radiati,on is strong, a strong air flow results, and calcul-ations

reach a stabfe conditiori with fewer repetitions.

The aír velocity cal-cul-ation shov¡ed a character of strong convelgence,

c-ompared with the stabiJ-ity of heat balance calculations.

For a typical application, the height of an air space is expected to be

the same height as an ordinary building floor height, i.e" 2.5 to 3 meter:;"

The ratio of heiglit-to-thickness of an e.tr sp¿rce the¡ is about I00 Íor air

air space thickness of 25 to 30 mrn. Edge effect nust be consi<ìered at the

entrance region for a length of several times that of an air space th-'Lck-

ness; however, the height of an air space is assuned to be lolrg enotrgh to

neglect edge effect for the ai:: flow in a space.

3. EX?Ii'8II{EI{TÄL HORK WITE A FULL SCÁ.T.E }IOÐEL

To verify the computed

carri-ed out under external

on the roof of tl're Centre

heat and air flows, a full

environmental conditions .

for

scale model tes t !¡as

This uodel was placed

Uni-vcrsity, Þlou-

dcpth of 3.0 me-tréal . The rnodel was a box,

Building Studies,

with a height of 2

Concordi.a

5 neter,
: '___1

.; ....,

'I i i¡
.: i, rl

'I .itl.t.....'I : 1-.

I

ters and wicltli of 1 .2 meLers, having a slop.lng roof . The box tr'as a woocl

f rame structure, wi-th both sicles of the f rameçork cor.'ered by weatherproof
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plyvrood sheets of 19 run tl'rickness . For

the plywood plates, of depth 89 min)

r.¡al1 consistedt"ith glass wcol. The

width 406 nm and four

this experr'ment , the spaces beiween

the south side wall \^¡as ir:.sulated

zones, each of

sides and bet-

on

of three experimental.

control zorres of width 406 min at both

l"een the three experiaental zones.

The siding used was aluminum a thickness of 0.3 mn, coat-

p1a[e had a width of 406 mmed on both sides çdth

and had three grooves

ong its length.

These plates were

dark bror+n

of width 20

plate, having

paint. Each

urn and depth 15 m at an equal- space al-

attached on the south wall with the grooves arranged

vertically. The framework to attach the siding were square timbers of sec-

tion 19 nm by 28 um and directly attached at the top an<l bot.ton wal1 sut:-

face. The vertical distance betveen the top and botton frane \{as 2"40

meters. Srnall openings were

zones. The openings for zoÍLe

nrn and the openings for zone

These opening

areas of the

arranged on the frame of the t\,/o experimental

dianeter I5one consisted of twelve holes of

two were fifteen hol-es of diameter 6.35 mm.

197 artd 4% respectively, of Èhe sectional

perimeter of zone three was áarefully

areas correspond to

air passages. The

sealed Lrith syntheEic sealant.

0n the vertical center line of each experimental zottê¡ Èemperature sen-

sors were arranged at the vertical height arLd 711- nm above and beneath the

urjddle height. Temperature sensors were also arranged o¡r the back surfaces

of the siding and in air spaces 5 and 14'mm from the surface of the n:in

wall-.

.l

l
J
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For these temperature neasurenents, copper-constantan thermocouples of

diameter 0 " 3 n-,m rvere usecl . Surf ace tenperature measureî,lents rrte¡:e monitor ecl

by wires for about 50 min f rom the tenperatr,rre-sensing junctions.

The. incident radiative energy was not measured in this test; insteacì,

the radiative incidence was calculated using the measured temperatures frorn

the heat bal-ance of the third experimental zone, the air space of'which was

seal-ed. Ïhe radiative lncident heat was compared with the values calcul-

ated by the method used in ASIIRAE llandbook of Fundanentals (see Table 1).

In this calculatiorr,

sideration of a smal1

the reflection term from the ground rvas halved in con-

shaded wall which stood four rneters from Lhe experi-

incidents coin-mental wall. Tne experinental and theoretical radiative

cided well rvith each other at the thirteenth hour, as did ¡-hei.r totals;

horsever, the experi-mental radiative incident \,ias generally srnaller in the

morning and larger in the af ternoon" The r-oof , on rqhieh the experiment-al

model r,¡as placed was finished rn'ith pebble sur-f aced asphal t ro11 roof ing on

a metal and an insulation p1aie. Its surface temperature rose- in the af-

ternoon, and the re-radiation from the roof surface seems to have håd an

inf l-uence on tl-ie radiative incident on the siding surf ace. For thís rea-

son) the experimentally attained radiation incident ças used for the exam-

ination of the simulation of heat and air flow in the back space of the

sidings of the model.

with dark broru'n

experimental

paint. The

firre monthsoutdooi: air for before

be0four surfaces was assumed to

Both sides of the siding wer:e coated

surface of the main wall was exposed to

the expe,riment . The absorptar-ice of the

9. The other tìrer¡ca1 constants of the

nodel were tairen from the ASIIFAE Hand-

plytrood

matería-1s used in the experimental



book of Fundamentals. T-he

I2

fron handbooks of physics,

physical characters of ti-re air- v/eÌ:e re.íerrecl

and \.rere evaluated ai ¡he mean temperature in

the erper:irnental work.

The measured and siinulated ter.terature changes of . the surf ac,e a¡rd air

at the centre of the air space in experimental zoîe I is compared in (Fig.

3) by using the abscissa as the tine axis " The sinulated surfece temper-

ature change coincides well with ihe rneasured surface teurperatLtre change.

However, the measured air temperature change at aIl the three nea.suring

points fell in the range between the siraulated tenperature change at the

niddle and upper measuring points. The measured air tenperature was three

to six degrees Celsius hlgher than the simulated temperature of the cor-

responding measuring points.

The measure-d arLd simulated teaperat-ure changes of experimental zone II

are conparecl in (Fig. 4) . The measured surface tenperatures showed one to

three degrees Celsius tl.igher values than the sinulated values of corres-

ponding times and positions. ìfeasured air temperature at all three heights

r+ere about one degree Celsius lower than the sinulaEed temperature for mid-

d1e and Eop heights. The rneasured air temperature change at thL lowest

neasuring point showed t\r'o to four degrees Celsius higher values than the

sinulated temperature change.

The higher air temperature in the experiment r'ray mean :

a) The assumpiion of laminar flow in the air space is noE suit-

able;

b) Turbulent conditiols are caused by the air passage restriction

on the frame aÈ the botton of the air space;

:



ci)

c ) The a j r f loiç in the space was not as strong as pre_dicted;

surface and the air in lÌre spece

conditions.

t3

theThe heat excharrge- betç'een

is increased by turbulent

The above po-iuts wiÌ1 be discussed in Section 5

4. RESULTS OF CO}ÍPUTER SII.fULATIOì{

4.1 Ventilation Eff ect on Opaclue lIalls

Pre-dictions for the efficacy of the air space ventilation is examined

by entering various conditions of a typical wall stt'uctiure ancl orier-Ltation

into the computer Program- The location of a building for this sinulation

the ASHR-,\E Handbook of Fundamenta.l_s " Solar

f rorn the July 2]., data of Table- 6, and Sol-air temperaLut:es are taken f rom

Table 26 of Chapter

was chosen at a pJ_ace of latitude 4Oo north;

ulation to be compared with solar treat gain

this enabled the computer sim-

calculation data presented in

heat ga,in f actors are taken

the Handbook'72; they were modified to meet the

at a siding surface. The temperature and radi-

were used for this simulation, are shov¡n in

conditions of heat

22, of

trans f er

ative heat inciclent data, which

Table 2.

are : wal1 height -

ductance of. the r,ain

322 vtattsf a'tz. The aspect

f aces of a rnain wall is shown in (Fig . 5 ) " The

The teraperature distribution in an air space, sì-ding, and external sur-

conditions for this case

2 . 4 meters , air space thicknes s - 30 mm, t-hermaf con-

ç'al-1 - 0.358 \.{atts /*2 .K, ancl radiative I'reat incidence

ratio of ther air

f o¡ il-1ust-rative convenience. I'he surf ace

space in (Fig. 5) is

tenperature of tlre

dis torted

siding is

the mainabout three degrees celsius higher than the external surface of
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lJall r although the peaks of the isotherm contours deviate to the nBin

¡+all's side because the air velocity is higher at the sidingrs side.

The change in air velocity distributic¡n with time is shown in (Fig.

6). The peak air velocity in the air space is displàced from the center

of the space to the sidingrs side as the radiative heat lnciden'e is in-

creased. The air velocity distribution at 11:00 ?.il;-. corresponds to the

temperature distribution of (Fig. 5). The air temperatrue in the sidingrs

surface is higher than that of the main wall's surface. This causes imbal-

ance in buoyancy force through the space, and consequently the air velocity

tortrards the siding is larger than that towards the nain wall .

As racliative heat transfer takes place betr¡een the siding and nain rvall

surfaees, the temperatures of the siding and of air space side surface of

the main wall become higher than that in the air space. This causes re-

versal of heat flors direction at the air space side surface of the main

wal-1. The heat qrtrich is transmitted by radiation to this surf ace is ab-

sorbed by the air stream in the space, and then rel-eased to the external

environment.

The heat, incident on the siding surface as radiaÈive energy, is traced

in Table 3. The conditions of this calculation ar-.e the same as those used....-.:

-_::i

'..-.: l
j i:1

.-.::

in (Fig. 5). During the period of

of 1944 v¡att hours f ^2 ,o¿." absorbed

^2 ^t" clissipated to the outside

convection and radiation, and l'69

6 a.m. to 6 p.m., a tot.al radiative heat

by the siding, of vhich

from the outer surface

Il26 watL hours/

of the siding by

roon through

hours /.rrr2 are

the main wall. tihen

r+atL hours/n2 are transmitted. into the

this siding is not applied , 66.9 watt

room, as is calcuLated from the Sol-airtransmì tted into the
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ternperat-ure meihod. Thls ind j-cates that the natura-l1y ventilated ai r space

saves 3I% of the cooling load v¡hich would otherwise be transmitted through

the r+al1 of conductance 0 .35 w/rn 2. \.ihen the sanie siding is used , but the

bacl<. space is sealecl , the transüritted heat be-cones 64.0 l¡att horrrs/m2. Eur-

ploying thís value as the reference for the above conparison, t-he cooling

load saving by siding ventilation is 287"

Table 4 shows the average values of air velocity, friciion l-oss, dynam*

j-c loss and Reynoldrs number for the above case, At times of higll air ve-l-

ocity' dynamic loss aL the holes on framework exceeds 50"Á of the total

force, and Reynold's number exceeds 400. l{hen the passage restriction is

not as much, dynamic loss is considerably smaller than the friciion loss.

Air velocity is increased and Reynoldrs number exceecis IO00 in the tirnes of

high radiative incidence.

Tables 5, 6 and 7 sho'¡ tine-to-ti-me heat transnission into the builcling

through various space and opening configurations. Table 5 sirows the case

of no obstruction throughout the air pessage. The depth of air space is

changed frorn 20 mm to 50 run.

0f the heat transníssion values, the the casevalues with (") indicate

critical va1ue. linen thevhen the Reynold's number exceeded the

air space is ltO mrn,

heaL calculated with

sicling. As the depth oi the a j.r space

is reduced; Èhe cooling load reduction

depth of

the total heat transmission is reduced to 65'Á of the

an external wall of the same type, in the absence of a

Table 6 shows the case when the total area of air

is reduced, the ventil.aÈion effect

is also decreased.

passage is restricted

A contraction coeffi-to 507" oî. the sectional- area of- the enclosed space.
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cient of 0

openings,

total heat

Fi gu re

res tricted

As the depth of an air passage is increased, the effect of ventilation

this effect ceased to be of benefit when theof the increases; however,

depth reaches a certain value.

Table B shows the effect of rnain wal1 thermal- resistance on the total

heat transmission of ventil-ated

.6 was applied in considering the floç' passage contraciion at the

and the proportion of total heat transraission falls to ll7 of the

transmission of the same 
";a11 but r,¡ithout siding.

7 shows the same case except that the air passage is furt.her

to 257" of. tÌre sectional area.

of the mairr wall increases,

is reduced. However r 20'/.

resistanc e 5.L2 
^2k¡*.

the

air space wall-s . As

effecti-veness of the

is sti1l attainable for a

the thermal resistance

air space ventilation

main wal-I of thermal

a

In Table 9,.the effect of siding surfaces is examined.. The value in

the f irst column is calculated by using 0.9 f or the emissivities of t\,ro

surfaces of the siding and the ouEer surface of the nain wall; this value

applies for ordinary surfaces of building materials. In the seconcl column,

the emissivity of the back surface of a siding is changed to 0.4; ihis vai-

ue corresponds to a lnetallic paint surface or a roughened aggravated metal

surface' TLe Èhird coLumn is calculated for a siding with metallic surfa-

ces on both sides. I'Ihen the total- heat transmission during 6 a.m. through

B P.tt. of each case is compared with the tot.al heat Èransmission of a ¡rall

without this siding, and the emissivity of the externaL surface of it is

0.9, ihe effect of a siding and air space ventilation is found. to be large.

:i:-t]

':r:i

:::l

i:: i

1 ..ì
I

I



I]

Tables i0 and 1I show

ented rn'alls ) respectively .

4.2 Ventilation Effect-- on

A large part of solar

tion through windows. The

different from that of an

the transnitted heat through east and çrest ol:i-

Trì-ple-{la.::;ing

gain in normal- buildings is

thermal performance of a

opaque wall, and to utilize

caused by fenestra-

windo\,r is very much

this siurul-ation me-

-.'.'. I

...'-,ì

thod ori solar heat gain through a windolù) several assumptions \rere made,

namely :

a) A triple-glazed window is the study subject, and the outerrnost glass

is of heat absorbing type. The middle and inner glasses are cl-ear

plates anci the space of 12.7 mm betv¡een them is compl.etely sealed.

b) The transmitted radiation through the heat absorbing glass passes

compJ-etely through the remerining part of tl're triple gLazing. This

part directl y becomes cooling load.

c) The heat absorbed by the heat absorbing glass produces long wave

radiation, and the clear plates are completely opaque for this

spectral range of radiation.

Und.er these assumptions, the absorbed heat by the heat absorbing glass

is treated, and heat transmission through the glazíng is calculated by the

simulation program. The short wave transmission is calculat.ed separately.

The shott--urave transmissior-r and the long-wave transmission compose the to-

tal heat gain through a r,¡inclow.

Further a.ssumptions are : The heat absorption glass is at the one tenp-

e¡'ature. Here, the heat conductance of the glass is assumed to be snall

enough compared i,¡ith that of the air f ilms on both sides.
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The inward long-wave re-radiation from the heat absorbing glass is ab*

s orbed complete-ly b;' the uriddle glass " The te:lDerature gradient in this

gLass is assumed to be negligible, because the conciuctance or' the sea.lc'-d

air space is

The same

sufficienily larger than that of the

radiative heat incidence as shor,¡n in

niddle gl-ass "

Table 2 was applied. The

and the absorptance and

f rorir (Fie. 5) of Chapter

incident angle was calculated froni time to time,

transmittance of a heat-absorbing glass vrere read

22, ASI{RAE llandbook of Fundament_als I al ?

The trace of radiative heat incidence is shown in Table 12. Tne simu-

fation subject is a south oriented r¡indow with en air space 30 urn bet-^,een

the heat absorbing g1ass and the niddle glass. Tne totaL openi.ng area of

the air sPace is 502 of the secÈional area of the air space. The total- of

direct heat transmission and indirect treat transnission, r¿ì-rich is cnce ab-

sorbed by heat.abro¡p¡1en glass, is 612 wH/mz for the period of 6 a.m.

through 6 p.t. The heat transmission through double gLazing, which has a

sealed air space of thj-ckness I2.5 mm, is calculaied to be B0I wï/m2 for

the sam.e period. The hea.t transmissj-on through a triple-glazing, both air

spaces sealed, results in 680 w]J-/m2 for the sane period (Table 13).

The heat transmission through a ventilated air space triple rvindow cor-

respolrds to 767" of that of a double-glazed unit.

5 DISIUSSION A}TD CO}{CLUSION

The- computer simulation assuues a .laminar

sage, although result comparisons

'Ihe computer simulation showed also

suggest that

flow regime in the air pas-

this nay not be the case.

rj

that when the thickness of an air space
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exceeds 50 r¡ll , tìre critical Reyno,Lcirs nr-rinber is e>:ceecled in a strong radia.-

tion period; thus, turbulent f -lor+ ¡oust be corrsiderecl , Practicalll', an e-n-

trance pa.ssage resi-riction tr.ay cause disturbance in the air flow, Conse.-

quently, the flor" is believed to belong in the turbulent- lange for nlore- oc-.

casions than is sugges ted by tl-re conpu-uer sir.ìulation prediction.

The following may be deduced fron the result of the siniu]ation and ex-

perimental rçorks .

When the air f lot,¡ is in a turbulent legiure, the ventil-ation eff ect of

an aj-r space is inf luenced botl-L positively and negatively with respect t-o a

comparison with the conputer simulation using faninar florv theory. The

heat exchange between a wa1l surface and the air in the air space þcorae-s

considerably greater than during larninar flow; this increases the air tenp-

erature and c,onsequent-ly, the f orce to move the air upvrarcl . llowever, the

frictj-on loss ar a wall surface is also increased i thus, the estimation of

the effect of air space ventj-lation by a laminar flow theory m.ay not be

very much different from acLual conditions.

The high air temperature found j-n the experimental work shows that a

potential force exists to motivate upwar:d air flow. This ventilation works

cffcctivcly in reducj-ng cooling load, when a siding arrcl an air passage are

arranged to optimalJy utilize this natural force of buoyancy.

As the compuier sinul-ation based on the laminar flow theory indicatecl,

the ventilation of the back space of siding by natural- force has a potent--

ial for cooling load reduction on both op¿ìque ancl trensparert builcli¡g en-

c-l,osures, bul the analysis rerierins to be devel.ope<1 f uJ.1y to optimally en-

ploy this tectrniqrre.
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. From the above resurts, the effect of air spece ventilation

tentially significant for cooling foad reduction of buirdings,

being particularly attractj-ve because it is passive.
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TAELE I - R.{DIATION INCIDENCE ON

AUGUST 17, IgTg
EXPERI}TENTA], }IODEL,

* TOTAL OF 7 HOURS

TII'TE

A) CALCULATED
FRO}I HEAT BAL-
ANCE OF SEALED
SECTION
w/^2

b) CALCULATED
BY ASHRAE
}fETHOD
w lmZ

a) - b)

w/m2

10

11

t2
t3
I4
15
16

T7

283
404
5r2
612
680
s4s
377
28B

520
60r
629
601
529
392
240
t4

-231
-IB7
-TT7
+20
+16 0
+1 53
+I37
+2r4

TOTAI,* 3,7 02 WH/.^2 3,577 \tnl^z +133 I^IH/.m2

(+3.6"Á)
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TABI.E 2 - TE}IPEIL{TIJRI A}iD Pì.ADIATIOIi IÌiCIDENCE DATA
FOR 40" I{ORTLI I.\TITUDE O}I JÌILY 2L

CONVERTED FRùt TAßLES 4 AND 26 0F CH. 22, ASHR.A_E ILANDBOOK

0F FUNDAj.ÍENTALS , t97 2.

.' .'j--t
I

j

TI}f E

AIR
TATP.

RADIATION w/^ 2 SOL AIR TE¡íPEzu.TUR-E"C

EA.ST

WALL
SOUTH

\,IALL
\^IEST

WALL EAST SOUTH WEST

6

l
B

9

r0
1I
I2
13

T4

i5
16

T7

IB

¿J. J

23.9
25.0
26.1
LÓ.)
30.6
')a '1

33.9
?o /,

35.0

33.9
eî 0

432
643
6BB
61I
460
255
r29
LI]
110

9B

ÒL

60
32

JL
63
91

164
252
J¿¿

344
322
252
164

90
63
3L

32
60
óL

9B

110
TL]
r29
255
460
6r I
68r
b¿+.)

432

+¿. ö

55.8
55.0
50. B

4s .0
32. r
39.2
39 .4
39 .4
3B.l
JO. /
33. 9

24 .4
26.7
30 .0
36.9
/,') o

48.1
50. 6

51 .4
4.Q.9
45 .3
39 .4
36.7
33.9

z4 .4
26 "1
28.6
1Ì 1JI r I

35 .8
ao IJO r I

48.3
s6.9
63.3
65 .3
62 .5
52.5
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T¡.BLE 3 TRACE OF zuIDIATIVE HEAT IÌiCID:NCE

sOuTll .l{ALr,, AIR SPACE THICKNESS 30 mn
PTìOPORTIOì{ OF TOTAL OPENING AREA 5OZ
OTHER CONDITIONS * SEE TABLE 5

* TOTAL OF 12 HOURS

TfuINSI'lITTED
INTO ROO}I

wfnzTIIÍE
AIR TEì'l_
I'ERATUR-E

ABSORsEI)
Ré-DIATION
,,f*2

DIS S IPATION
FROìÍ OUTER

SUR 'ACE

wf^2

DIS SIPATION
BY AIR
CTIANGE

w lm2

6

7

B

9

10

II
I2
13

I4
i5
16

t7
1B

¿,J.J
23.9
25 ,0
26.1
îa ?

30.6
32 "2
33. 9

34 .4
3s.0
34 .4
1? O

32. B

îo o

..c 1

BI.7
147 .6
226.8
289.8
309.6
,)ao a

226.8
r47 .6
Bl.0
56 .7
28. B

27 .4
52.1
75.t

132. B

20r"5
255 .5
al l a

255.L
200 .6
131.3
-t') )

59 .4
25.0

i
J

5

t2
2I
Lö
3i
¿ö

20
l.l

4

2.

0

2

4

6

2

3

B

0
I
2

I
4

4

6

.1

.6
1.3
2"5
11

5.i
5.8
6" I
Êa

q,

l.)

3.9
)a

TOTALT( wï/m2 1944.0 Ll25 .7 169.4 45"9

Ì
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TABLE 4 _ CHARACTERISTICS OF AIR I'LOI.I

4OoN, JULY 21, CONDUCTANCE WALL 0.358 w/n2N
SOUTH HALL, DEPTH 0F AIR SPACE 30 nu.r

E}ÍISSIVITIES OF SURFACES 0.9
PROPORTION OF TOTAL OPENING ARE 5OZ
OTHER CONDITIONS _ SEE TASLE 5

TI}IE

AVERAGE

VELOC ITY
tr'r/ s

FRICTION
LOSS

N/t2

DYNAI1IC
T,OS S

N/o. 
2

REYNOLD I S

N0.

6

7

B

9

t0
1I
I2
I3
I4
15

I6
T7

1B

0.06
0.100
0. 121
0.164
0.20r
0.224
0.23r
0.222
0. r96
0. 157
0.I11
O. OBB

0.052

0.066
0.I02_
0. 128
0. 186
0,24r
0.281
0.298
0.282
0.237
0.175
0. 114
0.087
0. 049

.029

.064
,094
. r69
.255
.3IB
.336
.312
.244
.156
.07 B

.049

.0i7

r29
rB9
228
304
369
408
4r6
400
355
283
202
16I

n(J)

a

t
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TABLE 5 _ PERFORI'ANCE OF VEI{TILATED AIR SPACE \IALL

TII'1E

AIIì SPACE THICK'Ì{ES S rnrl

IO 20 30 lr0 50

'2Heat Tralrsmission into roorn rv/m'

6

l
B

9

IO
ll
I2
t3
t4
l_5

r6
r7
IB

)
.B

i.5
2.9
4.5
6.0
6.8
7.1
6.s
s.6
4.5
4.0
a1L.J

a

.l
1.3
2.5
20

5.1
qo

6.2
(o

5,3
4"4
3.9
).¿

.I

.6
1.2

4.8
5.5
5.9
Etr)¿)

4.2
ao
a')

.l

.6
I.1
a')
')q

4.1
s.4
cÕJ.O
E(

5.0
4.2
J. C)

2')

.l
t

1.t.) ')

3.5
4"7
5.4
ço).()
C(

5.0

3.8
')a

(^)
(")
(")
(")
(")

TOTAL* 52.0 46.5 4L¡ .0 43.6 43.5 wH/n?-

propor-
tion to
a)xx

7 8"/. / v/" 66% 652 652

40' NORTH IATITUDE
JULY 21

COI{DITIONS
LOCATION :

DATE :

ORIENTATION OF WALL :

HEIGHT OF AIR SPACE :

THER}L\L CONDUCTANCE OF }IAIN WALL :

PROPORTION OF TOTAL OPENING AR-EA

TO VERTICAL SECTIONAL ARNA OF

AIR SPACE :

INDOOR AIR TEIÍPERATUR,E :

E}IISSIVITY OF SURFACE :

:

SOUTII
2.4 m

0.358 \{/#r

'.-1

..-J

r 002
24"C
OUTER SURFACE

INI{ER SURT'ACE

OUTER SURTACE

OF SIDING
OF SIDING
OF I'L\IN I.]ALI,

0.9
0.9
0.9

* TOTA], : TOTAL FOR 12 HOURS O}- 6 HOUR THROUGII 18 }IOUR, IT'I WT1/M2

CALCUL{TED IIEAT TRANS¡ÍISSION INTO ROOII }'OR TLIE SA-.\lE

CASE AS Tttrs, BUT i'lr.THOUT SrDlNG, USrNG SOl,-ArR
TEI'IPERATUREt

** CASE a)
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TABLE 6 - PERI-OPJíANCE 0F \¡ENTILATED AIR SPACE \\]ALL

PROPORTION OF OPEì{ING _ 5OZ
OTIER CONDITIOìÌS, SEE TéJ]LE 5

a) sHows TH¡ CASE WHEN REYNOLD'S NUlitsER EXCEEDS 1000

* TOTAL HNAT TRANS}ÍISSION OF PERIOD OF 6 HOLT. THROUGH IB HOUR, IN WH/n2

TII'IE

DEPTTI 0F AIR SPACE lN nm

30

Heat Transmission into room yt/^Z

6

,7
B

9

10
l1
I2
13
r4
15
16
T7

1B

)
o

1.5
to
4.s
6.0
6.8
7.r
6.5
5.6
4.5
4.0
3.3

,)

.7
t.4
2.6
4.0
5.3
6.1
6.4
6.0
5.3
4.4
3.9
3.2

.1

.6
r .2_

2.4
1-7

4.0
4.7
6.I
5.7
(1
).L

4.J
3.8
?.)

.L

.6
r.2
2.4
3.1
4.0
4.1
6.r
5.1
5.1
.+.J
20
1. 1

.I

.6
loL.L

2.4
3.6
5.0
Êa

6.0
5.6
5.1
.+.¿

3.8
3.2

.1

.6
r.2
1.4
3.6
5.0
5.7
6.0
5"6
5.1

?a

3.2

.1

.6
r.2

3.6
5.0
5.1
6.r
5.6
5.1
4"2
JrÕ
2t

.I

.6
r.2
/..+
3.7 (a)
5. 0 (a)
5.7 (a)
6.I (u)
s.6 (a)
5.r
4.2

3.2

ÏOTAL* s3.1 t+7 .B 4s.B 46 .9 46.5 46 .5 46 .6 46.7

Propor -
tion to
a )--x

.15 .72 .1r .7L .7r .7r .1r

{
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TABI,E 7 - PER.F'OPJ'LANCE OF \¡ENTILATED AIR SPACE \,IALL

PR.OPORTION OF OPEìqING _ 25.A

OTHER CONDrTrONS, SLE TABLE 5

TI}fE

DEPTI1 0F AIR SPACE Ill rnm

10 20 30 40 50 65 BO r00

Heat Transmission into rooin ,tlm2

6

l
B

9

10

11

l2
13

).4

I5
16

T7

1B

)

1.5
2.9
4.5
6.1
6.9
1.2
6.5
5,6
4.5
4.0
,l2

')

.l
r. .4
)-7

4.L

5.6
6.3
6.1
6.r
5.4
4.4

J./_

50. B

.I

.7
1.3
2.6
4.0
trâ

6.i
6.4
5.9
<2

4.2
3.9
J.¿

49. r

.t

.6
11
-L¡J
o<

3.9
5.2
6.0
6.3
5.9
q. ')

4.3
3.9
).¿

.I

.6
1.3
o(L. )
?o
c1J.L

5.9
6.3
(o

5.2
t+.J
3.9
J.¿

.l

.6
r.2
1(
ao
tro
J.L

5.9
6.3
5.8
CA

4.3
20

5.¿

.l
"6

r.2
aç

J.Õ

5.9
6.2
5,8
ta
J.L

¿+.J
ea
')a

(a)
(")
(a)

.I
"6

r.2

to
J.O
(o

5.9
6.2
EO
JcO
(1

4.J
3.8
') ')

(")
(")
(a)
(")

T0TALx" 54 .0 ¿rð.4 48.l 41.8 41 .B 47 .B wH/mz

Propor-
tion to
. \**

. (t¿ .71 .75 .14 '1 ') -7? .73

:¡

¿
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TABLE B - EFFECT 0i 1?ER'I¡\L RrStsrAìicES oF I'tArN tiALLS
ON HEAT TR{Ì{SiíISSION Ii\TO A ROO¡í

AlP, Sl']ACE TLIICK.ì{ESS - 50 mn
PROPORTION OF TOTAL OPERNING ÄREA _ 50.Á
OTHNR CONDITIOIiS - SEE TAßLE 5

TI}1E

THIfußL RnSISTl,r\CE 0F
I'I\IN t^lALL IN n2x./w

I (¿ 2.19

.I

.6
r.2
2.4
3.6
5.0
trì

6.0
5.6
5.I
4.2
?o
'). ,)

5.12

6

7

8

9

i0
IL
t2
13
I4
i5
t6
T7

18

I
2
4
6

Õ

9

10
9
a

1

6

5

2

0
n

0
I
a)
5

1

4

5

0
4

3

.t

.4
a

1.5
L.J

3.6
3.8
2.6
3.2
2.7
2.4
2.0

T0TAt*
wH/n- 75.r 46 .5 28.6

Propor-
t.ion to
a**

.68 .lr .80

,j
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TASLE 9 - EF}'ECT OF EifISSIVITY OF SIDI}iG SUPJACES
ON THE IìEAT TR{NS}ÍISSION IìÌTO A ROOT1

AIR SPACE TIIICiNESS - 50 rnm

PROPORTION O}- TOTAL OPENING AREA _ 255
OTHER CO}I])ITIONS - SEE TA3LE 5

TI}fE

POS ITION I\iIS S IVITY

Siding outer
Siding inner

surface
surf ac,

^o
0.9

0.9
0.4

0.4
0.4

Heat transmission into a room in wfm2

6

7

B

9

10

I1
l2
r3
I4
15

I6
L]
IB

.1

.6
l1a ¡J
1ç

?o
(1

5.9
6.3
(o

5.2
4.3
3.9
J.Z

.I
tr

1.I
)')
3.4
4.6
q?

5.1
5.3
4,8
4.0
3.1
3.0

-0. t
.)

.1
1.5
2.0
J.J

3.9
l.aa¡J

4.?_
4.t
3.6

2.8

TOTAL* 48. I 42.2 32,8 wïl'çx2

Proportion to case a*-* .72 .63 .49

I
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TABLE ]O HEAT FLOI^I FOR EAST I,JÄLL

PROPORTION OF TOTAL OPENING AREA
OTHER CONDITIONS - SEE TA.BLE 5

50t

TI}IE

THICIfu\ESS OF AIR SPACE
i¡ rrm

30 40 50

Heat Transmission into
room in t¡/m2

6

1

a1

9

10
1I
T2

I3
T4

15
16
T7

IB

3.5
5.4
6.0
6. r
5.4
4.5
3.9
4.4
4.5
4.6
4.2
3. B
)aJt L

1C
<2

5.9
6.0
5.3
4.4
3.9
4.3
4.4
4.s
4.2
3.8
1a

3.4
5.3
5.9
5.9
5.4
4.4
3.9
4.3
4.4
t,<

4.2
3.8
') .)

TOTAL* wH/¡n 2 56.1 55.4 55.2

Proport ion
to case a** .69 .68 .68

J
t
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TA-BLE II HEAT FLOt,l FOR \,IEST I\IALL

PROPORTION OF TOTAL OPENING AREA _ 5OZ
OTIIER CONDITIONS - SEE TAELE 5

TNlE

THICKNESS OF AIR SPACE

in mm

30 40 50

Heat Transmission into
roon in w/n2

6

l
B

9

IO
11
T2

I3
T4
15
16
I7
t8

0.1
0.6
r.2
1.9
2.5
3.3
3.9
5.6
7.4
oo
O.O

9.r
8.7
6.7

0.1
0.6
I.1
1.8
2.5
3.3
?o
5.5

8.7
9.0
8.6
6.6

0.1
0.6
1.1
1.8
2.4
3.2
?ô

5.5
7.3

9.0
8.6
6.6

TOTAL* wH/¡r 2 s6 .4 55 .7 55.5

Proportion
to case a** .69 .68 .68

a

.J

a
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TABLE 12 - liEL\T BALANCE 0F VENTILATED TRtppLIì hrINDOi.j

SOUTH \^/]NDOTI
AIR SPACE 'IHICKNESS - 30 m,r
PROPORTIOì\r 0F TOTAL OPENING AREA - 502
OTHER CONDITIONS _ SEE TABLE 5

Proportion to case a) - 767"

'-i'iì

"'l
I

¡l

a

TI¡ÍE ,

TRANS}f ITTED
T0 R00|1

DIRECTLY
w /m2

ABSORßED

BY

FIRST GLASS

vt/m2

DIS S IPATED
FROIÍ OUTER

SURFACE

w lmL

DI S S IPATED
DI
AIR CI].{NGE

,ar,¡/m'

TRA,ìiSiI ITTED
T0 R00ì1

INDIRECTLY
wlm2

TOTAL
DI3.-ECT

A-ND

INDIRECT
v/n2

6

7

8

9

10
1I
I2
I3
I4
15

16

T7

IB

3

4
4

16

50
BO

90
BO

50
16

4

4

3

2

0
6

4
4
5

9

5

4

4

6

0
2

11
JC L

4.0
4.6

65 .6
121.0
16r.0
r78.9
i6r.0
12I.O

65 .6
4.6
4.0

4.r
3. B

Ltl

53.7
98. 9

r29.6
t42 .5
I25.0
90.0
40,4

-r4 .5
-14.1
-12 ,9

0" 1

0.0
0.0
11

5.8
a,

6.5
1a

0.2
0.0
0.0
0.0

-l .0
0.2
2.2
9.6

r_6.3
23.1
21 .3
29,4
27 .B
25.0
19.1
18. r
16.I

t')
4.I
6.8

26.O
66 "7

i03.6
1I8.2
r09.9

-"Ja.')

4r .4
23.7
22. L

r9.3

TOTAL
vrH/rn 2 40s.9 894.5 653.3 35.2 205.6 61r.s
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TABLE 13 PEP.FOR\IANCE OF VEì{TILATED TRIPJí GLAZII{G

SOUTH hIINDOW

PROPORTION OF TOTAI OPENING ARNA _ 5CZ
OTITER CONDITIONS _ SEE TABLE 5

TIÞIE

AIR SPACE THICK}IESS

30 nn 40 mm 50 mn

wim2 w/m2 wlm2

6

7

B

9

l0
ti
T2

i3
I4
L5
I6
I7
t8

l 0
I
2

6

J

t
3
4

0
i
L

I

')

o

r.6.

27.

21 .
o<
LJ.

I9.
18.
1aaU.

l 0
I
I
5

0

2.
o

r6.
22.8
26.9
29.0
¿/.+
24,8
1a o

IB.O
16.0

-1.0
.1

')l

9.4
'rq, o

22.6
26.8
LÕ.C)

27.2
24 .6
IB.8
17.9
15.9

TOTAL :

INDIRTCT
DIRECT

205 .6
40s.9

203.0
405 .9

201.7
405.9

\¡Hlm 2

\'i i,/y¡ '

TOTAL* 6r1.5 608.9 601 .6 !*'\ln 2

Proportions
to double
ventilated
gLazíng

.76 .76 -/

.1

I



TABLE 14

3/+

PERr0RÌ'I]\NCE 0F VEI{IIILATED TIìIPPI,E GLhZING
IIEAT TRANSì,lISSION INTO ROOI,f

SOUI-H I\ÌINDOW
PR.OPORI]ION OF TOTAL OPENING ARTA - 252
OTIìER CONDITIONS - SEE TAI]LE 5

TIITE

AIR SPACE THICKì\]ESS

30 ¡iin 40 mm 50 mnr

I/

w/m w/m \\t m
2

6

1

B

9

10
11
I2
13

14
15

r6
LI
1B

-1. 0

I
2

B

B

6

B

B

9

0
I
I
t

)

16.
oaLJ.
a1

,o
27.
25.
19.
18.
16.

-I .0
.1

2.L
9.6

r6 .3,') .)

27 .4
29.3
27 .6
24.8
iB"9
r8 .0
r6 .0

I 0
1

I
5

2

0
L

I
4

6

B

9

9

2.
9.

16.

27.
,o
27"
24.
18.
17.
t5.

TOÏAL :

INDIRECT
DIR-ECT

207.6
405.9

204.8
40tr .9

203.3 wH/n
405.9 wll/m

2
2

TOTAL* 6r3.5 610.7 609,2 wH/m2

Proportions
to double
unvent ilat ed
gLazíng

.77 .76 .76
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FIG. 6 _ AIR VBLOCITY DISTRIBUTION
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