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-

An ‘Vanves:tigati.on of Window Systems
2 . ’ for v
o Reduced Energy Consumption

A .
.

Ramy E1 Diasty, Ph.D. ,
Concordia University, 1982, \ -

The use of r;me;:hanical cooling, heating, and electrical Hgﬁting

o

to compensa;é for any inappropriate design of windows and -xternal

‘

walls is no 1onger acceptable. In an effort to lﬁeet energy conserv-

atio s two detailed models for therimal and daylight calculations
"~ for windows are presented, o A - ‘

‘In the transient, three-dimensional thermal, model, heat fransfer’

thi‘ougt) windows aﬁq walls ‘{5 ®alculated usipg a finite diffe'renc;
, approximation. = The model awas for variation o} the external surfac.e
coefficient of h'ea't transfer with wind speed and dif‘éction.‘ The solar
heat'ébsorbed in the ‘extearﬁal layer of walls and in qi] the layers of

.

wfndows‘ is copsidered. An empirical formula for air infiltration heat

" loss as a function of wind speed is obtained. A correlation between

|
the surface convectiorn coefficient and wind speed for eight major

4

‘directions was established.

]
Q

The daylight mo&e] is a time dependent version of, the-Daytht

: daylight ~is'ef‘ficient1y u.tﬂizéd are calculated. Both the C.I.E.

Tuminance distributions for clear sky and overcast skies are used. A

9

Factor Method. Hourly daylight illumination and the'ene'rgy‘yved when "~




first attempt is made to deve]op 1um1nance distributions for part]y
+ cloudy skies.

A parametr1c study for eight parameters affect1ng the
daylight facto; is perfgrmed.
significant

The var1at1on.w1th t1me was the most
‘Calcu1ated illuminations
values. )

-

agreed well

Bel

with ‘measered
An outdoor rotat1ng test chamber was built and used 1n measur1ng
enerqy ga1ns and losses through external pane]s w1th 0.0, 25 50, and .

75% glazing, Each pane1 was tested for three main or1entat1ons and for
4thfee glazing types. Calculated temperatures aqd energy consumptions
egreed well with the measurements ~

[3

,
[t

The use of three_dimensional time-dependent analysis Has confirmed
that reduction or elimination of windows does not always lead to energy
savings.

When the storage of solar heat in multiple- windows is con-
sidered, windows act,

at times, as heat sources.

. . The sideways heat exchange
at t.e—windmm~opeaing—andrat‘4me-inIepﬁace_betueal_uall_pane1< was.
energy losses.

The amount of window'recess showed -an-effect on—the net
models.
P

Even in January, the
internal surface of partly shaded triple windows can show two opposite
directions of heat flow at the same time

significant

Computer programs -were devé]oped and tested for both

1

This study provides a reasonabﬁy realistic basis for the
assessment of the energy_effectiveness'of windows for design purposes
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CHAPTER I ,

C e

INTRODUCTION o

1.1 Importance of Windows to the Built Enviromment:

Windows play a very important rote in shaping the quality of the
built envirommnent. 'Being an el ement of the building enc]osﬁure,' windows
act ;as a sheath sheltering the indoor environment from the hndesirable
condftions outside. As the only transparent portion of the building

enclosure, windows act as a link between indoor and outdoor environ-

' d

ments.
» . o

As a sheath windows resist heat losses durmg the cold season and
heat gain’ durmg the hot season. Windows shou1d also resist rain
penetratmn, air leakage and withstand wind forces. ‘n add1tion,

windows are expected to reduce the intensity of the external noise to

an acceptable level. As a link, windows permit vis\ua]i contact with the.

outside, provide natural daylight, and admit solar heat gain.

Furthermore, windows.may provide vehtﬂation, air circulation, ‘and

access to emergency fire escapes. .The p;ycho1ogica1 and physio]ogic_a]'

well being of the occ:Upants and the quality of the indoor environment

is enhance by the presence of windows.

\
VN

It is very d1fficu1t to make full use of aH the beneﬁts provided

by wmdows. ‘Some functjons,of the window are incompatible with ‘others,

Therefore a compromise between the.conflicting functions is inevitable.

14

.
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The most common incompatibilities are: °
" .- Solar heat gain versus conductive, convective, and radiative

" heat losses. ) .o > o
o N ! ° V/’ ’ \32; -
- Reductiop of electric’lighting requirements versus conductive
heat 18ss. ‘ h

N

~
¥
outside versus occupants' privacy.
c i

13

- Visual contacg\with the

- Venti]atiyn versus:feduction of external- noise penetration.

[ "
-

: ‘In order to ensure an appraopriate performance and to achieve the

‘ greatest possible beneﬁ%;§'frun windows, ' several tra&e-off§ must be

¢ >

taken between various conflicting functions. It is important that the

trade-offs should take place at an early siage of the design, to avoid

costl}\igi?ge orders or a poor indoor environment. oo
- -
. . R i c .
. o . ,
' 1.2 The Energy Effectiveness of Windows T

4

- s 1
Buildings - are considered the targest energy consumer after

industry [11,.10% of the- U.S. total national fonéumption of energy is

|

Tost thrbugh'wiﬁdows [2]. Until recentuy, T1ittle attention was éceord-

ed to the energy effectiveness of buildings in general and -windows in

particular . In common design practice mechanical _heating, cooling,

. and electrical 1ighting were used ;b\compehsate for any inappropriate
- design of windows .and exterral ‘walls. The rapid escalation in energy

. prices has g?de such practices 1n$pprop(iate for the commanity at

large? thouﬁh not yet for every builder.. According]y the initﬁa1'cost

and "aesthetics should no longer, be the major design criteria. Energy

<5ffectiveness and operat%ng cost ‘criteria should q]so~be taken into

b
,

¢ w

’ 0 7 i
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‘ "of the displaced electricity.

" . ~ ._3_1// . . ’
. . . | ?

, . . :
account, and uridoubtedly soon will be. Appropriate tools for this. task

were not available. In order to conduct a realistic assessment of the-

energy effectiveness of windows and walls there is a need for a reason-

ably accurate model to.ca]cu1ate the energy loss and gain associated

- with wirdows (and" walls.. In. the _foreser@k study, a three-dimensional

transient heat transfer model utilizing a realistic time varying sky

Juminance is used to calculate the effect of window-to-y]] area ratio,

orientation and number of glazing panes-on the net winter enygg con-

@umpfion associated with windows and walls. The net energy cbnsumption .

inc\ude§l501ar:‘ gains, conduction, conv;ction and radiation 1losses,

L4
infiltration as a function of wind velocity, a benefit for g1ectif1'c

vi.igﬁti'ng displaced by daylight, and & loss for the heating equivalent

N

!

¢ In this chapter, we present a literature revfew, the goals and

A ,
objecfifes of the research,. and an outline of the thesis. The

L

Hter/a%u‘r/a\)./ig reviewed in .four separéte sections (sec. 1.3 to sec.
¥ ® S .

1.6). In('section 1.3, the thermal aspects of ewi'ndows_and walls are
reviewed. The,literature related to dayh‘ghtinlg is reviewed in section
1.4, The importance of ‘win.dow;ito the ;;da‘rit;y- of ‘the indoor environ-
ment and to t‘;e.psychohgical and physio]pg‘ic;aj well-being of ‘the
gccupants '15‘ the subject of the literature reviewed in section 1.5. In

the literature, previous work fundamental to the present study requiré\s

'special atkentien, given jn section 1.6. Based on the 1iterature

review, conclusions that are directly related to the .presen‘c' study were

drawn and_are presented dn section 1.7. The goals and objectives of

i

»

a
-y
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- the present study- are defined in the 1light of these conclusions in

. ~ - + ; b ,
section 1.8. The cutline of the thesis is presented in section 1.9.
N t

3 |

1.3 A Réview‘ of Literature Related to the Thermal Aspects of Windows

The thermal aspects of windows ha've“usual'ly, been investigated as a
part of more general thermal studies. In this literature review,s the

- papers are grouped as follows: , R
) - .

4
H

~themal p{rformance of windows

V- ptica] and thermal char5cter:1's't1'cs of windows

heat transfer- through windows and waHs

T air 1eakage around w1ndows and through’ externa1 waHs )
L ) ¢

2]

the opt'imzatwn of net .energy consumption

"l

‘computer - oriented thermal model ing of buildings

o energy conservatwn in buildings

previous net energy consumptlon calculatwns

1:3.1 Thermal Performance of Windows

o
P

Comprehensivé performance requirements for windows were given .by
" Paulsen [99]. A thorough eval uation of window performance was given by
HWilson _aqd éasa‘ki [3]. Design strategies for windows ba's\ed on U.S.
'Na'tion‘al ‘Bd‘reaw of Standards studies with special Jemphasis on‘ energy
‘conserVatmn, were deve]oped by Hastings [4]. As part of the bui‘Td-in,g' .
enclosure, Window performance was exammed by Sasaki [5 & 6], Te1tsma
and Peavy [7] and Sabine and Lacher [8]. The thermal performance of
wood framed w1ndows was studied by Lowinski [9] ] ' |

\
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1.3.2 Optical and Thermal Characteristics of Windows ‘

Data on, optical and the':ma1 charac’:teri‘stics of ‘windows are avail-
able in several text books [10, 11, and 12]. The thermal proper?iés of
windows were ex'amined experimentally by Agrawal and Verma ['13]“gnd by
Lim and Conﬁer [14].- The thermal traqsmissionJof-douMe"g1azed:

windows was studied by "Ambrose [15]. A computer program for ‘the cal-

" culation of the solar absorption and transm‘ission of single and 'doubIe

glazed windows was developed by Mitalas\and Arseneault [16]. Isfalt
[17] provided a computer model for the calculation (;f the shading

coefficients for various types of windows.. -
. i ~ . x

1.3.3 Heat Transfer Through Windows and Walls .

t

A comprehensive Yiterature review. for heat transfer in buildings

~

T

was given by Gupta [18]. "A recent review of the fundamentals: of heat

transfer, in buildings was presented by Kusuda [19]. ‘Be‘ijer [20]

studied the thesmal response of external walls to outdoor temperature
variations. Mitalas [21] examined the relationship. betweeri the effect-
ive thermal resistance of wal Is and their heat ‘storage capacity. The .

effect of external wall construction on inddor air temperature was

kY

" investigated by Hassan and Hanna [22]. Air cavities effects on -the

he. transfer . through.' external walls was 'studi‘ed by Bystrov and

\C‘

Gaﬁalﬁtjionov [23]. Personnel of the Building Research -Station, in

Garston, England st@ndafdized the heat transmission coefficients (U-

values) for various categories of walls [24 and 25). - The effect of the

thermal storage capacity of a building on indoor comfort conditions was

\
v
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studied by Givoni [261]. S AN
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Measuremeﬁfas of the thermal transmission of windows were done by
Rennekamp [27] ‘and by Lilm and Conner [14]. AH‘rWeakage of windows wad"~
o ‘tested by Sasaki and Wilson [28]. A’The‘ need for a com;‘Jrehensive test . !
K ‘ prdgram' for windows and wal'ls'lwas emhpasized by Trechsel [29]. ‘The ‘

portion of enclosure losses flowing through windows has been determ]'neq

exper\imentaﬂy. by. Tamura.and Wilson [30] and by Tamura [31].

One of the problems associated with windows in general, «ana

b et S e 4 S

ultiple pane windows in particular is breakage due to the thermally

" ‘induced "stresses."' Sasaki [32 and 33], Sinha [34] and ‘Solvason (351 . *

have studied this problem in depth. . With respect to the- convective

SIS

heat lexohange at the e)l(tgrnalp surface of a building, Col e and ‘Sturrock‘
[36] presented an be*tenéive 'iiterature sUrve)}. The effgct of inner
surface air v_e1oc1‘_ty and ‘t‘er‘npe'rature on heat.;ransfér tﬁrough multiple
glazing was st.udied‘ by'Pewnnin‘gtén e.t .‘ah (371 and Penning’t.:on ‘and
McDuf fey [‘38]. Eckert and Carlson n[39:~]: and Railhby et al. |;40]
investigated, the heat transfer by natural Tonvection in a‘n\_‘aﬁ'r layer - f '
i enc]dsed between two vertical plates. 0zoe.et al. [41 ] investigated
th\is ﬁrop]em\when ‘?t:hé p1a\t:es"are “inglined.  _Local heat transfgr

. coefficients were determined in both cases. .

~ ! i

Radiative heat tr'arllsfer at. internal an}i external surfaces of a

 windows and walls is explained in several text books (11, 12, 423. The

°

radiamt héat transfer for glass is reviewed by Garden [43].
' =y ‘ .

I »~

Methods to predict the direct component of solar radiation were @

reyie@ed by ‘Cole [45]. Kasten (461 surveyed the measurements and the -
P ) _ - - . i

A
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| “procedure ‘to estimate it with “fair accuracy [48]f

. iqn.

B
- i . - f < . N : -

’ '
Liu and Jordan (44] examined the

- ana]ys1s of so1 ar, rad1at1on data.
distribution of direct;
Cole [47]

1nter?*e\1at1onsh1p and the character1st1c

/

'd1ffuse,

A

and total so1ar rad1at101 using” weather. records.

h developed re}atwonsmps to allow for the variation of atmospheric con-

gjtions in _the ca'1cu1at1‘on‘ of solar radiation. Solar heat gain through'
wir)qo'ws'is described by Stephenson [50].‘ La‘ter, he dgve]%ped a simple
: . A tabulation of the

solar “heat gain factors for various latitides are ’given ‘1'n references
.[10 and 50]. Barakat [208] tabulated monthly tota) solar ~heat gain
\'through smg]e and mu1t1p1e glazing for 13 cities in Canada. Nicol
[52] exammed the energy balance at an exterior window surface through

a

" experimental measurements of the radiative heat flux. A numerical

s’i‘mulation\ of' the diffuse and direct solar energy striking a flat
‘lsur,,face facing the sun was déveloped by Dave [53] using.an isotropic
. distribution approkimat%on for the diffuse radiation. Viskanta and
Hirﬁféman ‘[54‘]‘ studied the solar transmission and heat transfer through
,jﬁﬂindowsgta_k'ing 1'nt<; accoqsnf both the spectrail ar_ld directional dature of
sol ar and 15ngwave radialw‘:ion Kiss and Benko [55)} conducted an experi- -
enta1 study of the heat transfer through windows due to solar radlat-

The effect of solar heat gain on 1ndoor thermal conditions is

' \déscnbed by both Stephenson [51] and. in digest number 68 of the Build-

ing Research Statfon, Garﬁton, England [56].



1.3.4 Air Leakage Around ‘Hindows. and Through External Walls .

Air leakage has a significant effect on the energy consumption in
" Bu’ilding's. Sasak1 and Wilson [57] rev1ewed the prob]ems associated
with window a*lri 1e~qkag§. They conc]uded that about 45% of the enclo-
'syre he;t gain in ?ur»rmer and‘60% bf heat 1oss in winter leaks .around
windows when abodt 1/3 of/ the wall is glazed. In another study, Sasaki
and Wilson [28] determined experimen.ta] air leakage 'values for differ-
ent types of res‘rdentia] ‘windows ) " The w1nd0\~/port1on éf the overaH
air 1eakage was also- "mvest1gated by Tamura [58 and 59] Tamura and

Wilson [30], Tamura and Shaw tsol Shaw et al. [61], and Phillips et
al. [62].4 ‘

‘%
-

. , i . . T ‘J .
1.3.5 The Optimization of ’Net\«Ene::gy Consumption ’ -

Several opt1m1zat1on techmques have. been apphed to d1fferent

\)_

thermal design problems of buﬂdmgs in an attempt to determine an

optimum des1gn .for best thermal performance., Gupta [63 and 64] apph‘ed

a_ systematic search technique changing com;.)onents' for buildings Sl“b"'

Jected to t1me-vary1ng excitations, both c11mat1c and operatwna] In

,another paper, Gupta used the’ s1mp1ex method to optimxze buﬂdmg

performance specifications (65] The room/emronment interaction was
A

"~ optimized using dynamic programming by Radford.[66]. . Bloomfield and

Fisk [67] studied the optimization‘ of dintermittent heating, using

optimal control theory. The optimization of the building shape to,’
conserve energy was studied by Page [68]. - Kimura [69] determined the -

-optimum shape of external .shade 'at specific angles to minimize annua1

skl

S Ay < WA oA e

P R

Fian

e 4 R e

5 ot




.\

aly

e,

solar heat gain and to maximize the view. Arumi [70] optimized the
energy performance of buildings taking intg account daylighti'ng as an

energy-saving factor.

"1.3.6 Computer-Oriented Thernal Modeling of Buildings:

)
1

Gupta et al. [71] reviewed the available Titerature on computer-
oriented fherma‘l models. Design ‘consi:ierations that should be taken
into accodpt in hea"c"'gain computer calciﬂgtions were outlined by Norman
and Mutka [72]. A computer simu1atio:1 “of air-conditioning systems
using yearly weather data was \developed by Magnussen [73].  Sheridan
[74] épph‘ed thermal network arxwailysiS to the he;at flow in buildings.
Oegema and Euser [75] analyzed the ti:a"rlsient wthermal behaviour'of
‘ ofFicE buildings 'numgricaﬂy."A method to can\ptﬁg the non-linéar time

depezlnt"buoyant circulation of air in rooms was de\/e1oped by Fromm

_L761. |

ASHRAE [77] provided algorithlms' for buh'ding' heat transfer sub-
“routines for computer—o'riented‘Qenerg)i calculations. Mitalas and
A‘rseneéult (78] used the Z-transfer function to calculate the transient
heat transfer. through bu%]ding enclosures.  Degelman [79] applied
Monte—CaHo simulation to solar radiation ar}d ambient temper'atu’re.

Mitalas et. al. [16] modeled the absorption and transmission of thermat
.

* radiation by windows. A model for window shad?hg coefficients was

developed by Isfait [17]. . : Y
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1‘.3,7 Energy Consérvation in Buildings . ' )

The ASHRAE Standard 90-75 [80] is intended to be a fundamental
s;;andard for energy effjcient buildings. The energy savings possible
through solar gains ‘Wi th_various types of windo"\ws .at various orientat-

ions were investigated by Berman and Silverstein [89]. 1;he National

Research Council of Canada has also brought out a standard for energy
T Q : -

. . ‘ .
_——conservation in new buildings [8l1. The estimation and prediction of

building energy requirements were investigated by Ayres [82]. Dickens . -

4 ° ‘ " .
and Wilson [83], studied the relationship between building codes and

energy conservation. Studies in the area of energy conservation in

buildings were reviewed by Dubin [84]. Similarly, papers Ca]cu]abi’ng

_ultimate potential savings were reviewed by Fantl [85]. Energy conser-

vation utilizing the architectural aspects of the design were investig-
ated by Ambrose [86]. Roudy and Duran [87] studied the effect of

weather conditions and the buﬂding thersa] parameters on energy con-

sumption. Arens and Williams }',88] studied the effect of wind on buﬁd-.

f el P
ing energy consumption. “Page [68] studied the relation between buildi-

- ng shape and energy consumption.

The role of windows in ‘energy conservation was investigated by .

Collins et al. [90). Gujral [91] debated whether Tess glass would lead

to more or less energy savings. Efficient utilization of solar energy

'thxough windows and l1‘ts impact on building energy needs was studied by

Silverstein [92]. Kusuda and Bean [93] estimated the energy conserv-

ation potential of.ventilation control through‘ weather data analysis.

Cy




Suggestions for ,'improv‘ing the energy effectiveness of windows are given
in two technigal rgborts (2 and 94]. Energy consumption assoc iated
with windows can~ also be reduced by the use of shades and shutters
[95]; Hagman [96] has shown that the use of insulated shutters leads
to an improvement of the overall résistance of windows\to both heat
transfer an& noise transmissjon. Rubin‘ et al. demonstrated that
shutters are means .of energ} conserva-t‘ion in their compr‘ghensive study
on and; as 2 potential enérgy saver [97 and 98]. The potential of

window management-- in energy’ conservation was investigated by

Silverstein [100].

1.3.8 Previous Net Energy Consunptiqn Calcul ations ‘ ) -

Heating and cooling loads, associated with windows and walls, are

) usually calculated by means o;’ a one-dimensional steady state analysis.
. Outside weather conditions are commonly represented by only two déhign
«> days representing winter or summer conditions. This leads to aﬁ “over-
;estimate of ener%y requirements and thus to over design of thg heating
and cool ing eqﬁipment. _As a result, the equipment runs hintermfttenﬂ’,y

at reduced efficiency. «

window or wall is described in heat transfer text books [101, 102, 103,

104, 105, and 112]. Heating degree aays data published by the Meteoro-

3

' 1ogica1 Services are also used to proportion the monthly heating Toad.

. ' ’ - *
In order to account for the radiative heat exchange at: the wall

The calculation of heat transfer through a solid body such as a

-
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surface and the solar radiation incident on the wall in addition to the
tempera’t;n'e difference across the wall, a single parameter known as the
Sol-air Temperdtk was deve]ope& by MacKay and Wright.[106 and 1117.
This c.oncept was developed and enhanced by Parmalee and Aubele [107],
" Roux [i08], and Hoglund et al. [109]. Recently, Kusuda [110] developed

a similar c”oncept, known as the “Sol-Air Temperature for Glass". Both

of these concepts give a rapid estimate of heat transfer through °

windows and walls in the presence of solar radiation. Other simplified
methods for heat transfer through windows were' introéduced by Viskanta

.and Hirlemén {541, Kiss and Benko [55] and Alereza and Hoss1% [113].

Al

In order to strive for an acceptable level of éccuracy in the
. estimation * of annual energy reguirements for 1bu,-1‘1d1'ngs, several

hour-by-hour calculation procedures have been .developed. The fransfer,

- function concebt, which is recommended: by ASHRAE, was first ~1'ntrqduéed"

. : : A .
by -Mitalas and Stephenson [114] us_irfg " thermal response factors. The

transfer function concept was used in several studies [78, 115, 116,

117, and 118].° The transfer-functions are filtered responses to excit- )

ation pulses caused by solar heat gain, conduction‘heat din or loss,

and heat gain from 1lighting, equipment, and occupants. Kusuda -and -

Tsuchiya [119] introduced a simitar technique called the equivalent
thermal mass concept, which‘was further expanded‘by’__Kimura and Ishino
[120]. ’Heating and cooling loads and indoor temperaturé were calcul4
ated after data had been fittéd‘ to a linear differential equation.

Detailed calculations for a limited number of da}s are needed to derive

accurate transfer functions based on the equivalent thermal mass of the

&5
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" particular building uhder investigation. In order to vreduce the -

-
-

/

computational effort for annual calculations, regression parameters

h)

were determined by fitting a simple a1gébra1'c equation to the transfer

¢

function parameters obtained from the results of' a rigorous calculation

for a Timited period of the year.

]

ar

" 1.4 A Review of Literature Related to the Daylighting Aspects of

Windows ‘ N S

@

Daylight is considered one of the most important functions
provided by windows,” and it influences the overall quantitative and

[] L. , .
qualitative performance of the window. The" spectral composition of

daylight is unique. Throughout the ages, daylight has.been utilized as(g ‘
the major source of illumination for i‘nter'iors.‘ The development of the

" fluorescent tube, forty years ago, marked a significant change aw'ay )

from ‘,.reliance on daﬁight as the main source of 11‘ghting. Fluorescent

tubes have’ offered an inexpensive, relatively efficient and reliable

alternative for *ighting.'“ Artjfi’c'ial lighting in general has offered
. . 4

designers the possibility of control over the Tuminous environment.

v

Gradually, the utﬂizaf%on of daylight decreased. Artifical lighting

is' convenient and dependable but is unable to provide people with the

same visual,‘ psychological and bhysiological stimulants as daylight.
Recent;ly, the realization of both the human need for daylight and the

increasing: cost of energy have encouraged the re-discovery of daylight )

as an essential so'urce of il1lumination in buildings.

F



The Titerature review will be grouped as £ollows :

- luminance of the'desigri sky'

- daylight calculation techniques - . .
- admission and’cor:tro'l of sunlfght
- dayl jght energy savings %otentia]

- optimization studies in the a(rea of lighting.

The available methods for handling both the quanfitative a;ld qualit-
) ative aspegts' of‘—daytht are given in se\;eral text books [121, 122',3
_123, 124, 125, 126, 127, and 1281]. Recorrmend‘ations.for the calculation.
of daylight are gi'v_ehn.both by the I1Tuminating Engineering Soqiety,
IES, [122 and 1461 and the” I/n\t’.é;national Commission on Daylighting,
CIE; [130]. A des‘cﬁ'm/@/n of fifty-eight methods of daylight calcul -
'atiﬁons that.: are in use world-wide are a1.so givgn by the.CIE {130]. .The .
availability of cdayh'gh{: was investigated by Kingsbury ej: 'a1. [131] and
Boyd [132], and its relation ta windbw- design was investigated by
Petherbridge [133] and Bryan [1341]. ’

1.4.1 Luminance of the Design Sky

Daylight design depends largely upon the assumed design sky.,' The .
moit common choices are: the -overcast sky, the standarfd uniform sky,
and the clear .clloud1 ess sky. ‘The overcast:. design sky was devel oped f.or
locations where overcast conditions prevail. .The luminance distribut-
fons of overcast skies, obtained from measureme‘wts in different pz;rtsa

of the world, were used by the CIE to develop a standard of relative
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éky luminance under an overcast sky. THts is,knom as the CIE standérd

overcast sky [135]. It varies with the altitude but not with thé

az)1' muth.

¥

The standard uniform sky 1is characterized by a uniform Tuminance .

at each sky point sufficient terovide an iﬁqmm‘nation of 500”1umens/

ft2 on a horizontal ‘plane when direct beam is ignored. This value is

, neither an average nor a minimum but is a répresen_tativq value [136].

In contrast to the uniform and overcast skies, the clear cloudless

sky Tluminance distribution is highly veriable both in’ tin?e. and 1in

space. The CIE T137] has adopfed Kittler's formulation -[138] as the

'standard'Tuminance distribution for the clear c‘loudTes.s sky. ~ The
v ;

measyrements of sky luminance &jstribution are given in [139, 140, 141,
and 142). The technjques used For the determination of the sky Tumin-

ance distribution are also available [143 and 144].

e

— ' R ox

S D E
1.4.2 Daylight Calculation Techhiques

Daylight design techniques can be' classified into two groups. The
first group comprisés techniques requiring mathematical ca'lcuiat'lons,.

The other group consists of graphical techniques employfng protractors,

charts, diagrams,f’ and nomograms. Hopkinson et al. [121] .reviewed the -
“various design sky conditions and calculation methods of both groups.

: . . e T
. - Galbreath [67] summarized the cammon mathematiéal ‘caléulation tech-

niques. The most widel-y—used methods of daylight calculation are the

Dayl ight .Factor Method [1211 and the Lumen’ Method [123}. In the o

.

o

Y
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daylight factor method, the~ 1'11um1'nat1‘on at &a reference point is-

-expressed as a rat1o of the 1nstantaneou§ 111um1nat1on recewed on "an ’

unobstructed horizontal plane. This method was or1g'ina11y created for
’ C . ’ . o A3
uniform and overcast sky conditions. - “Three components are ca1cu1ated,

the sky component, the externally reflected cqnponerLt, and the inter- ,
~ - - - //‘* - »

nally reflected component *The Lumen Metho’d is used only for c1 ear sky

!

conditions. In this method the tota] 11ght ﬁa\hng on a w1nd0w due to
direct sunfight, d1ffuse sky 11ght, and ref]ecged 11ght from the ground

(and other exterior surfaces is. ca]cu]ated and then mu1t1p11ed by a

[

coefficient to account 'fo'r/t_,he window transms fon factor ‘and internal
reflections. The Lumen Method is” d‘espr/ibed \in several ‘pubTications -

[123,‘ 147 and 148‘&.»{’ . o ‘ .

! . - .
For the -calculation 'of"dayh'ght froim clear_ skies‘ there are
4

)

several alfernative techmqes available 'in the 'hterature. . Krochman

"[149] developed a method to ca]cu]ate the dayhght factor under the’ CIE‘ -

\
c1ear cloudless sky. FarreH [PSO] “introduced a prOJect1on techmque .
to. calgulate the d1réct ﬂlm‘pimatmn from a c]epr sky. Another

prdJectwn techmquq was’ deve]oped py Saxena and Bansa'l [151]

Nars1mhan and Saxena (15271 introduced. an approach to calcu]ate the sky

component for a vertical rectangmar aperture In attempts to avoid-

the computat'lon eﬁort of daylight ca'lculatfons from a c1ear gky KpJ1c

;153] 1ntroduced a graphic techmque Bryan [154] 1ntroduced a s1m—
= 3

plified procedure, and Farrel [155] proposed a perspective technique. ,‘ /

. . o
Oz‘\er studles have --focused on single aspects of . the day]‘ight

ca1cu1a¥10n. Hopk}nson ‘et a] [156] deve'loped an- empiricaﬂ formula for
N : AP .
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the calculation of reflected- Tight. Narsimhan &t.al [157] developed a

finite - difference approach .for the calcylatien of |the ‘internaHy

-

reflected component. Narsimhan [158] also studied the calculation of .

the reflected component for mu1t1p1e-story buﬂdmgs Morns [159]
stud1eq the ca1cu1®v of the nnternaﬂy ref'lected component gor
part1aHy obstructed windows. Ground ref]ectmn was Tnvest1gated by

Griffith et al..[160] and Reed [161]. . -~

1.4.3 Adwission and Control of Sunlight ® o ‘

LN : S 9 '
One of‘the vital functions. of the window ‘is the admission of sun-

C. /

1ight. Recomnendatwns for the adnisswn and control of daylight were

gwen by Neéman et al. [162] Neeman and Light [163] rev1ewed the .

avaﬂabﬂ1ty of sunhght o In other pubhcatmns by Neéman [164],
Hopkinson [1651}, sunlight reqmrements in buﬂdmgs were rev1ewed.\
Imphcatwns for sunlight penetratmn in the design of w1ndows were
.1nvest1gated by smith (166]. ° Poorly control]ed sun]1ght may cause
visual as well- as th%ﬂ““ oiscomfo’r‘t,to the occupants. As a result,

"

solar’ controt deyices. h%ve' become an essential deature in most buitld-

*ings, partic‘uTa'ﬂy in dry-ch'mates where these problems are amplified. '

Some deswgn methods for sun shading devices are shown in [167 168 and
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" Visual requirements 'for sunlight: in buildings are well documented
[170]. Dilaura [171] investigated the probability of visual discom

fort with.yarious geometries. The Illuminating Engineefing Society,

[ES [129] recommendeg'the Equivalent Sphere I1lumination Concept, known

as the ESI concept to calculate adequate visual performance. In tﬁi;\

N - \ 1
method,- the visual perforqance in a real environme(;ﬁ:; known actual

[N

illumination is described as though. the 1ight came a sphere of
uniform luminance surrounding the reference plane. ESI fis cpmputed
from the aciua1 task illumination after allowing for ceiling reflect-
ion, disability g1;re effects,” and tﬁe traﬁsjent adaptive efféct if

_required., The method for ESI compitation is also given in [172].
' 1

1.4.4 Daylight Energy-Savings Potential

" The use of daylight as a potehtia1 energy-saver has attragted the

attention of many researchers. Hastings and. Crenshaw [173] accounted

t s
for daylight as an essential factor in developing window design strate- -

~~

gies to conserve-eﬁergya The daylight potential for conserving energy.

was' also investigated by Dorsey [174] and Perry [175]. Other studies

have dealt with conservation in electric 1ighting [176], -with the

control of lighting [177], and with energy management [1817.

[ 4

1.4.5 Optimization Studies fof Lighting

-'L

4

Thé)need for. an optimum design of fenestration with respect to .

daylight was emphasized by Khan [178]. -Kaufman [179] nvestigated the
T, s ' : ’

[
\
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o\ptimum use of _energy for Hg’hting the buﬂdir;gs'. interiors. - Dorsey
- [180]1 apphed cost benefit ana]ys1s to 11ght1ng, while Arumi [70]
accounted for day]y&htmg as a fac—teg in.optimizing the overall-build-
ing performance Hopkinson [1821 and Kendmck [183] have 1nvestigated
the 1ntegrat1on of daylight and art1f1c1a1 l1ight in the illumination of’

interiors, as "a means to mfmmize the energy consumption associated

with Tighting. "

-~

1.5 A Review of Literature Related to the Comfort and Health of

Occupants and the Quality of the Indoor Environment

The role of windows on the psychological and physiological welfi-
b‘eing of the occupants and the overall quality. of the indoor environ-

ment has Qeen' appreciated more in recent years. The lack of daylight

*in windowless buildings is believed to cause health disorders [1847.

There are two types of health disorders: either somatic, (the /upset of

. ‘ ) B
the regular bodily functions), or psychosomatic, (nervous di turbances

of various kinds which could lead to physical illness). The/ physiolog-

. / -
ical benefits of daylight for humans have not yet been studied in much-

detailed. Despite the difficulties of measuring the‘/’ environmental

aesthetics and qualities as 1nd1cated by Heath [1851§ severa] valuable
Y

studies have been conducted.  The relations between windows and the

environment were investigated by the Pilkington Envi/ronmenta] Advisory

!

Board [186]. - A recent review of the l{iterature op’ the impoftanc‘e of

windows to people is given by Collins [187]). ‘/n another study by

Y

U
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Co111ns [188] the human react1on and response Y w1ndows is 1nvest1gat-

ed. The functions of w1ndows were delineated hy Markus [189] with
emphasis on the quality of the 1ndoor{env1ronment. The - psychophys1cs
of sunlight..in buildings was studied by Hopkinson [190]. Tﬂf proBlgms
associated ‘with windowless eﬁvirbnments were studfed E¥| Ho]]iéter

1911, Brown et al. [192], Burts [193] and McDonald [194].

¢Windowless enviromments were developed as a means to e11m1nate

some. d1stract1ons for workers and tg\have fu11 control over the 1ndoor
env1ronment. The problems that are create¢ assoc1ated with suych

environments have‘copfirmed the. human need for windows. Collins [187]

provided an extensive review of Tliterture related to windowless.

~N
environments. i

AN

1] \

The relation between the s1ze of the wipdow and the qual1ty of the

indoor environment was 1nvest1gated by Keighley [195] [196] .and Neéman '

et al. [197]. _Based on these stud1es and others, Collins [197]

‘'suggested that the area of windows shou]d occupy at least 20% to 30% of

the external wa]] area.’ { o

.= ]

1

‘In order to achieve an energy-efficient window design without
affecting the quality of the inddor‘environment, the well-being of the
occupdnts must be considered as well as the energy related aspects. To
recapitutate, the. impqrtaﬁt aspects }elpted to .the quality of the

indoor environmentkand the well-being of the occupants are:

i) provision of natural 1ight and the admission of sunshine.

F
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ii) visual contact and. communication with the outside world
' with as'large\A depth-of view as possible.
: iii) relief from the monotony of most enclosed spaces.

a
[

" 1.6 Analysis of Previous Work Fundamental to the Present Study

-

Useful research areas can bé deduced from a careful ana]ys1§ of

[

previous work in this field. In particular, the assumptions used in

previous works iﬂd their effect on the final results require careful

examination and understanding. Selection of the appropriéte analytic-

approach for the:analysis df the present study should be" guided by’the

success and failures of the past. In the literature, there are two

similar previous works, one by Arumi [70] and the other by Kusuda and

Collins [198].

“

1.6.1 Ahalysis of Arumi's Work

In 1977; the first effort to -integrate thermal and 1ightin§

calculations for the purpose of optimizing the overall energy consumpt-

ion of buildings was made by Arumi [70]. He. brovided theoretical
evidence to prove that proper wihdow sizes, along with a proper‘se]éct-
ion of eiterna1‘wa11 surface to volume ratio can result in total energy
savings for heating, cooling, and 1ighting in the peripheral zoﬁes~of

buildings.

D

. v ' C . |
This study was limited to Austin, Texas (31°N). The windows weré/////// '

assumed ‘td have heat 'absorbing glass and fixed positions—and were

s
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shaded from direct sunlight from March to September. They were single
glazed, faced due South and were assumed to' be extended sources of
diffusé-radiatdon Direct sun11gh§ was considered only as it increased
~the luminance of 1nterna1 surfaces by reflectton The 1ﬁtens:ty of the
indoor 111um1nat1on was’ ca]cu]ated at nine po1nts on the floor of the
room. The rate of- 1nf11trat1on was assumed to be 2 air changes per
hour and ‘the surface to volume ratio varied from 0.5 m-d to 0.3m-L.
The required 1eve1 of lighting was assumed to be 322 Tm/mé. Artificial
light fixtures were assumed to have a luminous efficiency of 20 Tumens/
watt, a maintainance factor of 0.8 and .a utilization factor of 0.8.

During unoccupied hours, the lighting was assumed to be off and the

~ tuerméstat set back to 85°F for‘COoling and 55°F for heating. During

.occupied hours, the thermostat was set at 78°F for cooling and 68°F for

4heatihg. h -

Arumi's model consisted of ‘two parts, a thermal part to calculate

" heating .and cooling energy consumption, and a lighting part°to calcul~

ate sky illumination. There was no description of the procedure used
for energy calculations except that the calculations were based on

hourly weather data averaged over nine years. Arumi used his sky

. .ilTumination model to calculate the intensity of illumination as a

function of the weather conditions and the orientation of‘the’recepior
relative to the sun. This model is based on an empirical formula fitt-
ed to solar radiation data (direct, diffuse and fota1 solar radiation)

measured on a hor{zonta1 surface. Although the data represented only

~the daily radiation averages, Arumi used them for hourly calculations.

o ! : “
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He concluded that with the appropria;e'combination of window percentager

and external wall surface to room volume ratio, a reduction as great as

_ 50% can be achieved in the total energy consumption. He also reported

some evidence pointing to the existance of an optimum window area thdt

minimizes the total annual energy consumption‘fpr heating, cooling  and

-1ighting.

In his case study, Arumi found that for a surface-to-volume ratio

.of 0.1 m~1, the optimum window area ﬁas—about 25% of the external wall

area. As the surface to volume ratio decreased, the dependence of the

total energy consumption upon window-to-wall area ratio was reduced.

~

1.6.2 Analysis of Kusuda and Collins Works

One year later, another study was published by Kusuda and Collins

[198] which focused on the analysis of annual heating, cooling, and

1ighq12? requirements associated with windows. . The objective of their

* study was to illustrate ways—in—which natural light and the solar

benefits of windows tould'partia11y or fully offset the cost of normal

heat losses and also to calculate the energy consumption associated

- with windows as a percentage of the total energy consumption. Their

study was limited to the Washirgton, D.C. area, and was carried out on

two typical modules. One was a kitch n-living ‘area in a residential

‘bui1ding; the other was an office space for two peopie. In both cases,

]

the module had only one wall exposed to the outside.

Single and double glazed Fixed windows (assumed to be tightly

" fitted) were examined for the following window-to-wall area ratios;
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0.0, 0.1, 0.25, 0.50, and .70. Walls were assumed to be well insulated

i conformity with the U.S. energy conservation standards (U value = A

.2.84 w/m2.K). Air leakage was assumed to be independant of wind speed

at a constant rate of 0.25 air changes per hour. - /

Heat transfer acrosﬁ the external wall and window- was assumed
steady and uni-dimensional. Sol-air temperature for the wall and for
the glass were'used for the calculation of the net rate of heat flow.
The calculations were ca}ried out using monthly avefage values %or the

daily total radiation in' the Washington area. The analysis performed

~ by Kusuda -and Collins took into account window size; heat transfer,

solar shading, mode of operation, window orientation afd window manage-

ment. Different window shading devices were simulated by using several

o

shading coefficients ranging from 1.0 to 2.0.

Dimmers were assumed so that artificial lighting only supplemented
daylight whenever the latter fell below various minima. The fluores-

cent lighting required was assumed to 36.11 w/m2 of .floor area.

b
+

Dd@ﬁight was Sa]cu1ated yifh the Daylight Factor Method. Direct.
beam i]]uminatién was ' taken into account only as it increased the
Tuminance of external surfaces. The ca]cu]atiqn of direct beam and
diffuse illumination was based on twolsimp1e formulae which dépend only

-

on the solar altitude angle, o, viz:

4

i) direct beam illumination - a) for clear sky = 12847 e [-.2259]
, : ~"sina

- b) for mean sky = half the value

of clear sky
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0.0

c) for overcast sky =

i1) diffuse illumination ¢ a)' for clear sky = 1500 sin o
b) for overcast sky = 2200 sin ¢
¢) for mean sky =53 ¢a

The externally reflected component was obtained by multiplying the

solar or sky intensity by the reflectance coefficient of the external

‘obstruction, the view factor between the room reference point énd the

-external obstruction viewed through the winddw.

- "The internally reflected component was calculated for all three
‘different design skies (clear, overcast, and mean skies) using the

' ! \‘ 1
"split flux" formula of the overcast sky.

Kusuda and Collins indicated that the use of daylight abpeared to
increase heating requirements over the reference value apzl‘ to reduce
coo]ing.requir;ements‘. ~ They a1-so conc]uded'that the use of" double
glazed windows ins%ead of single glazed windows red;aced the total
annuai heating requirement by ﬁaif but hardly changed the ‘cooling re-
quirement. They also rep‘)orted that the 'northern windows exhibited the
greatest heating requirements and the least cooliﬁg -requirements, and
concluded that properly designed and operated windows could reduce
_operating c‘osts below > those of a solid wall. They found a range of
" window areas which maximize daylighting benefits and ‘so1ar heat gafn

and minimize .heat losses. Under t;leir assumptions, this range appeared

to be centered between 12% and 20% of the total wall area for the

residential module and around 50% of the total wall area'for the office
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module, which had higher internal heat gains (1ighting, .people, and

equipment) .
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1.7 Conclusions Drawn From the Literature Review

The following conclusions were drawn from the literature review:

\

i) The window-to-wall area ratio 1is an important factor in

if)

iii)

determining the .energy consumption associated with.

windows. ¢

The major factors influencing the energy cohsumptioﬁ
associated with windows are heat transfer, air leakage,
and daylighting.

The dynamic nature of the heat transfer proceSs across

Id

windows and‘wa11s and the heat storage capacity of most
walls require the use of a transient heat transfer
analysis to obtain reasonably accurate predict{on. of

thermal losses on daily or seasonal basis. '

.iv) The heat exchange at the interface between the window and

the wall and the resulting variation in temperature over

the window surface have not been investigated previously.

Thus there is 4 need for a three-dimensional ‘analysis of

_the problem.

The thermal analysis should account for the hourly

variation of direct and (diffuse solar radiation absorbed

by windows and walls on clear days. : -

-

N
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vi) The utilization of daylight for lighting the interior
will result in energy conservation for large bl_md‘ings’.in )
most climates. - Any realistic simulation of daylight
inside buildings requir;s time-dependent model that would
account for the varx"at'i(l:n of ’dayl ight i‘ntensity with time
of day and yéar, in addjtior; to, the variation with sky
conditions: | |
vii) The Daylight Factor Method has only been applied to over-
cast and uniform design sky situations, where the’ Tumin-
ance can be assumed ‘uniform and time-independent. There
is a need to extend this method to various sky condyitions
and modify it for use with energy-oriented and time-
dependent caicuﬁ ations. ‘ L
. viii) There is a ;eeci to: inve'ﬁtigate experimentally the relation
between fhé window-to-waﬂyarea- 'rati‘o and the net energy

.consumption for various types of glazing at various

orientations. ¥

1

1.8 6oals and Objectives of the Research
The goals of the present rgasehrch are:

i) To calculate the'net energy /consump‘tion assoéiated with‘
'windows and external walls with better, accuracy than in

' pr‘evio;xs reports. '
ii ) fo'deve1 op an energy-oriented and time_ dependent daylight

model to calculate theudayH.ght 1lumination level at a

™
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iii)

In order to achieve the three g%aTs ab%’e, objectives can

|
| .
—_—

1.

given reference point in the room This will allow a

reasonably accurate calculation of ;he electrical energy

saved both in the 1ighting and in/the cooling system when
‘daylight is efficiently utilized. |

To identify, for different window orientations, the range
of ,winﬂow-to-wal] area ratios |where the window energy
benefits (solar .heat gain plus | ener replaced by day-
1ight) exceed the tota1 energy lésses heat conduction ahd

] -
air’ leakage). ’
"f;’\_w

enumerated:

i)

,1i)

iii)

To develop a three-dimensional t'me-déﬁéndant heat trans-
fer model to calculate the temperature distribution in the
‘various layers of w1ndows and wa11s, the rate of heat

transfer through w1ndows and walls, the rate of heat loss

[y

\

To modify the day11ght factor methdi -.to be app11cab1e to

due to ajr leakage, and fiha11y RFe net energy gain or'

loss' through w1nd0ws and the walls.

sky conditions other than complete overcast and to alliow

&

for hour by hour daylight variationg for a good match. to

the accuracy of the thermal load calculations.

[l

: I's
To design and construct a test chamber to determine

experimentally the energy'ccnsumptiq of an external wa11‘

'\haVing different window-to-wall area ratids, different

types of glazing, and different compass orientations.

P PR e
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iv) To determine an empirical relation suitable for.this test
- chamber betwéen the energy,coqsumption aggbciated with air
infiltration and wind speed, outdoor-indoor air temper-
ature difference, and the 1ength‘of the crack atgdnd the
u windows. . g
v) To .determine experimentally the relation between  the
external surface convection coefficignt and the wind. speed
for various wind directions. |, ‘
yi) To confim the validity .of the therﬁtl and daylight models
by comparing the calculated results to the experimentai
resul ts, . | , - -

vii} To develop computer programs tt sufficient.accuracy:for
the thermal ang day1ightiﬁ§ calcu]atidns_to ‘enable .us to .
carry out parametric studies and'to:ta1cu1gte the . energy
gain and 16ss associated with windows and walls under
simulated coqditions.1 ‘

a

1.9 Outline of the Thesis

[ ‘ .t ) &

The development of the thermal model is presented in Chapter‘II.

’ The thérmal mohel consists of two p;rt The first deals with the cal-

culation of the incident solarradiation and its transmitted absorbed

and reflected components in order to calcu]ate Solar” ga1ns .The second .

part is a three—d1mensiona1 and t1me-dependent finlte-difference model
used to ca]cu]ate, at each time lncrement the temperature d1str1butﬁon C

| in"every layer, of .the wall or the ‘wirdow and the consequent rates of

o
* N ' »

" e L
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heat transfer/éhd heatfstorage. . : ;
' * { . o \_

| In Ch‘apter III a tune—dependent daytht mode1 is presented

0

,n'% Th1s model 1s used to ca]cuTate at each t'ime 1ncrement the - Tuminance

s

" placed by utilizing* the‘ avaﬂab] aylight

d1str1bu§t1on of the sky and the consequent Tuminances of external and

ih Aternal surfaces. An attempt to ratmnaHze the treatment of partTy‘

cloudy skies Ts a] so g1ven

A

A variabTe sky factor is used to caTcu]ate the d1rect component of

the daytht on a horizontal plpne at desk height 1nside the room T’ne
v

var1ab'le refTected component is "used to caTcuTate the 1nd1rect4compo-

nent of the dayhghtr' The sum of thesé mo components 1s the variable

" dayl 1ght° factor, which 1s used to determme the eTectr1c energy dis-

&
oo

3 - ‘ ' [ 3 > 8
‘In Chapter IV, the expérimental work done to verify the models is

t

presented. A descrip,t?on of the *test ohamber, test procedures, and the

%
f1e1d measurements used to determine ‘the impact.of varying the window- .

to-waH area.ratio on the overall energy consumption, is presented In

addi ion, the work done to determ1ne an empirlcal relation” between the

ra@ of air inf'ﬂtration and wfnd speed as well as the relation between

the external surface convection - coefficient, .wind speed and wind .

directions is presented here. : : . 1t .

[ re

In Chapter V, the theogt'icaT and experimental results from this'

| thesis are presented and' discussed The basis for determining an ‘

optima] "Window-to-wall area ratio for different types of ¢lazing and

d‘lfferent or;len@tions is "displayed. -A co/parison between calculated

and measured temperatures and -energy "lass or gain’ is.presented. The

13
L]

‘.
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efi’egt of the window-to-wall a[eaf ratio. on. the energy conserved by
-utih'zgtion of daylight is examined and combined with the thermal Toss

or ‘gain caiculations to yield the net energy -gain or loss for the two

‘ {"‘ .extreme cases: a completely clear and a completely overcast .sky.

~ ° «

In Chapter: VI, 'a summary, conclusions, 'and recomendati\,ons for

i . . * -
‘future research are presented.
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' 2.1 INTRODUCTION: ,

_ CHAPTER 11 ,
. Y :

" FINITE - DIFFERENCE CALCULATION OF HEAT TRANSFER
THROUGH WINDOWS AND WALLS . S

i ' -

! Sometimes windows provide a thermal gain. At other" times they

* provide ‘a thermal loss. On the use‘fdl side,; windows ;admjt solar radia-

the exterior by conduction during most éummer m’ghfs, and if cpj]ight
‘ ) . < ) ‘ ’
is utilized properly they reduce the cooling load generated from 1amps.

“tion in wintér, 're1gase a portion of‘ the interné”y generatéd heat,to,/‘

Solar heat gain through windows arises fr@..the internal absorption of

- the visible radiation transmitted. The visible radiation is-converted
. if)to heat and infraked radiation by molecular and atomic ‘proéesses in

~ the internal surfaces. The internal ' surfaces, in turn, emit some of

- -

the long-wave radiation, which is absorbed and partially re-emitted to

the outside by the glass. » /The’imbai ance between the rate\of‘gntry _arj_d"

[y

green house effect. On sunny winter days the daily total solar heat

.gain caused by southerly oriented Qindows often exceeds 'thg conductive

heat loss through the entire wall.
. g
\ o 4 <

o '

.The major negative aspect. of windows is their relatively ow

- N ‘ [N l v .
thermal resistance. The conductive ang convective heat gains or Tos$es

th“rough a unit area of window_are several times greater than the heat

t

‘ghin or loss through a“unit area of ;a typical external wall. Other.

ne'gatj.ive thermal 3spects include :undes1red solar heat gainaon hot.

A

. '1gss of radiation warms the room. This is commonly referred to as "the
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summer days and the heat losses associated with air leakage thréugh

cracks and gaps around-windows. : %

In current design. practices, only the thermal 1losses through
windbws are normally considered in the .calculation of winter heat
lToss. Benefits such as solar heat gain and the. use of daylight to

replage part of .the artificial light are ignored. As a result, all

four facades, are wusually glazed identicaily despite the large

differences in winter solar gains.
NG

Since current design practices are based on the steady state and

. i . ‘ ) » .y . X
unidimensional heat transfer formulation, the variations in solar

- radiation intensity, air-temperature, wind speed and dq;ction are

usually ignored. In  most cases, monttﬂy averages of weather data are,
used'for the ca]culatién of the heating and cooling loads: In recenf
years, the&avaﬂabﬂi:cy’of powerful computers ’_has made it possible to
Ca1cu1ate.hour’|y heating and cooling loads rapidly. Transient heat
transfer cagcu‘lation' te,chhiqlfes have be;en developed for computers to

take reasonable account of the hourly variations in the weather

conditions  outside, thermal cond1t1‘onshinside, and the thermal storage

'capacity of the building. The transi'e_n\t heat transfer calculation

techniques require a somewhat more complex mathematical treatment than

the .steady state calculations. Due to the approximations uied in the

transient /calculations there are some limitations on their apMicat--

jons. Section 2.2 of this chapter will be devoted to the evaluation of’
¢ » .

. such methods and the selection of the most appropriate method for

window thermal analysis. The solar heat input and the.heat transfer at
‘ ' \ ' o  wm

.L \' N "
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. the facade surfaces .are investigated in section 2.3. In the- fourth

section of this chapter "the development of our finite difference model '

"is presented in seven subsections; the thermal network representations

(2 4.1), the finite difference approx1mat1on (2.4.2), identification.of
the types and pos1t1ons of nodes (2.4.3), the therma} conductance
coeff1c1ents‘bletween nodes (2.4.4), the solar heat input-(2.4.5),
coefficients' for the set of algebraic equations (2.4.6), and heat flow

. ] . .
and ‘energy calculation (2.4.7). Examination of the sideways heat

© exchange is given 'in section 2.4.8.

Using a three-diméns‘ional finite difference time dependent model

for thermal flows through windows Xand walls, the range of window-to-

. wall area ratio where energy benefits exceed energy losses for various

facade compass orientations, t);pes of g]aziﬁg, and types of wall panel

. . . . L ®
were calculated as a function of climatic factors (air ‘temperature,

solar,radiation, wind speed and wind direction). As shown by corﬁpar—

ison to the experiments in Section 5.3 thiS  model provides a better

estimate of the energy'gains and losses associated with the windows and

walls than the steady state model. In addition, the model allows, for

_ the first time, a three-dimensional analysis of the transient heat

o

transfer through windows which provides the temperature :d'istribution,
over and between dinternal, median and external surfaces of single,

double, and triple glazed wi’ndo_ws‘ in a11 directions.

2.2 Rationale For the C}\oice of the Thermal Ho&el

In current practice the calculattion df heat trq‘néfer through -

;nindows and walls is comnon]y carried out assum'ing one-dimensional
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steady state heat flow [10]. In the "Heating Degree Day" method [10,
. 217], thermal Tlosses are calcu“lated’ as proportional to the product of
the inside to the outside air temperature differ'ence times the number

of hours when the outside air temperature is below 18°C.

/

The development of. fime dependent techniques has made computer
simu1ati;3n of ‘the ﬁouﬂy variation, in both weather cond,itions and
internal thermal loads (1lighting, equipment, and people}, possible and

. a better estimate of heating and cooling Toads can be achieved. The

most common computer-oriented ‘method, known as the’NTransfer Function

Concept, was developed by Mitalas and Stephenson tl,14]. In this

method, three sets of numerical constants, called response factors, are “

‘used -to represent the heating and cooling joad arising from previous

variations of solar heat gain, conduction, radiation, of convee tion

heat gain or loss, and of -heat gain from Jighting, equipment, and

- people. A similar method called "The Equivalent Thermal Mass Concept"

‘was later introduced by Kusuda and Tsuchiya [119] and expanded by
Kimura an;i Ishino [120]. Sever’a]‘ Targe computer programs are currently
available for the ‘calculation of heating and cooling '1oad§, few of
which are also able to calculgte the total energy needed. Available

programs are usually not well documented or supported, expensive to

process and difficu]t to use [213]. They -are unsuitable for the -

present study. for six reasons.

i) Most of fhese' programs provide énly heating. and cooling
load calculations (not energy requirements).

1) It dis difficult to modify or manipulate the input for these

y p}'ograms to allow a prediction of the heatﬁ'nq and coo]'ing‘

A




iii)

iv)

v)

vi)
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loads and the consequent fuel demand for a siﬁg]e building

component such as the window instead of the whole buﬂdi‘ng.

, One-dimensional heat flows normal to the® surfaces are

s
assumed in all previous programs. In this study the side-

" ways heat flow and the vertical as well as the horizontal

temperature distributions in various layers of windows. and

the adjoin‘i}\g sills and wall paneT are examined.

The shading effect of recessing the window within the window
opening as well as the effect of the window recess on the
energy demand associated with the surrounding panel could

not be investigated when previous progfams were used.

No allowance was previously made for the variation of the
surface coefficient of heat transfer due to wind speed and
direction, or for the variation in the thermal load associ-

-

ated with window-wall air leakage.

Even though previous prrogramé wouid allow hourly ‘rilgorou$
calculations for the whole yeaw;, simple algebraic equatio;\s
are nt;rmaﬂy fitted to the results of the rigorous calculat-
ions obtainéd for limited disbrete periods of thé year. The
accuracy for annual heat'lﬁg and cooling loads 1is reduced

considerably when such a simplification is made.

In order to develop a three-dimensional time dependent model for

thermal flows through windows and walls, a choice must be made between

two of the most powerful numerical jechnféues,' the finite differente

PRIy e Y ]

o oty o b &
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and the finite element. Both methods can be used to approxirﬁatg the

_governing differential equations for the temperature distribution in

heat éonducting systems. In the finite difference method, time deriv-
atives are approximated uasing a central finite difference scheme. In
the finite element method, variational calculus is employed. The
calculus of variations shows that solving certain differential
eq‘uations is equivalent to mim‘mizing a related quantity called "the
functional”. . This equivalence is known as a variaﬁonal principle
[a12]. ‘Neither method has been applied much to building heat transfer
since in the era of cheap oil there was no apparent need for such
sophisticated methodls, and also computer facilities were required.
Since each method has advantages and 'disadvantages:\‘tne choice be'tween
them is dependent upon the detaﬂs of the particular prdb]em. For
example, whe}\ the dr;rangement of the nodes is irregular because of the
system geometry, the finite element method is usually preferred because
the -finite difference method may 1ead‘ to many terms for the heat
balance equation at each node, requiring a lot of computer time. Non
uniformity of temperature within ea&h element can only be handled by
the finite element method. In addition to the algebraic‘and conceptual
complexity of the finite element method, tHe number of app‘l1‘cat1"ons is
iimited, since the variational principtle does not exigt for all
differential equations of interest [212]. In .contrast, the finite
difference method 1is simpler to program and to use. In the finite

difference method, future. temperature for a node can be obtained either

explicitly (i.e. successively in terms of the present temperatures of

. surrounding nodes) or implicitly (with a simultanéous solutiod in terms
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of the future temperature of the surrounding nodes). In the finife
" element method, the temperature of a node can only be obtained implic-

itly since a simultaneous solution is required.

In this study, the finite difference method was chosen because of

the following reasons:

i) The geometry and node arrangement in the case of windows and

walls are reqular parallelepipeds, so excessive 'cornputer .

time is not required with the finite difference method.

1i) In the case of windows and walls, the temperature vari'ation
within each element can safely be ignored without using a
large number of elements.. Thus the major advantage of the

finite element me'thod does not apply here.

iii) The use of the finite element method in heat transfer in
t

buildings is relatively recent. Few previous results are

available, so all possible pitfalls may nE)t have been

3

exhibited. :
iv)- The finite difference method is simpler to formulate and to

program and does not require as much background prepa}ation

as the finite element method.

-After choosing the finite di‘fference method, two furthgr ;:ho1ces
* must be made. The first is .between the explicit and,the implicit
uformulat'ions. ‘In prg] iminary trials, the exp]licit formul ation, though
'easier tonuse, led to impractically small méx1mum time 1ncremen$ (3.4

to- 12 seconds depending on the examined case), beyond which instability

P
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and oscillations  of the solution occurred. Moreover, attempts to

3

improve the accuracy of the calculation by reducing the truncation
error led to the use of smaller spatial increments which resulted fh a
fur ther reduction of the maximum allowable time increment. _In the
imp1icit formulation, no restrictions are imposed on the time increment
by the choice of spatial increments, so we were able to obtain stable
solutions with hourly time incrgments and thus reasonable computation

<

time. .

The second choice is whether to so1ve~ the .resulting .simultdneous
algebraic equations by a direct or an 1indirect method. Direct methods
such as Gauss elimination and matrix dnversion are simple to use but
-require larger anounts of computer time and storage. Indirect méthods,
such as the Gauss Seidel (point by point) method and other similar
methods [213], usually require less computer time and storage, par tic-
ularly for systems having larger number of unknowns. wl:\en a large
number of nodes are used, convergence may not occur due to inaccuracies
in the intermediate stages of the calculation. To speed up the conver-
gence, an over-relaxation technique is wusually emp1oyéd and the result-

S

ing scheme is known as the successive over relaxation method.

Despite the fact that the exact solution of most of the three-
dimensional nonsteady state problems are either unknown or difficult to
predict, the accuracy of the numerical approximate solutions can still
be examined. A-stable solution tends to converge as the number of
nodes is increased. The number of nodes which is sufficient to provide

reasonable convergence is problem dependent. In the present study, the

-

—n

/
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problem changes as the type of glazing or the type of wall is changed.

In the trial studies, on the single, double, and triple élazings, and a

mu]tﬂayered wood frame wall, the sufficient number of nodes per layer

was found‘to be 25 for windows and 36 for the ‘wood frame wa‘H.

" 2.3 Heat Exchange at the Exter:;la'l 'Surface and the Solar Radiation Input

2.3.1 Convective and Radiative Heat Exchange

The thermal conductance between a solid surface and the surrounding '

air can be most conveniently expressed in terms of a surface coeffic-
ieht,~ h, representing the combined effect of convective heat transfer to

the air and radiative heat transfer to surrounding surfaces or the sky-
.

The surface coefficienf, h, is given by
A\

h=hp+ he o (2.1)
where h, and h; are the radiation and convection coefficients. If we
assume that all surrounding surfaces are at ambient temperature and that
the air is humid, the radiant energy emitted from a unit area of the
surface, dp, can be approximated,for most building surfaces,by

. ar = hp (Ts -Tair) - (2.2)
where T¢ and Taip differ by a small fr:ac"don of their value on an
absolute temperature scale. Th1'§ is an‘ approximation to the Stefan -

Bol tzmann law

N ) .
qr = oe (Tg - Tajp) :

oe [TE + Tair) (T + Taip)1Ts - Tatp) (2.3)

4

/
-

/

L, | |
he 208 [(Tg + Taip) (Tg + Tagp)] . (2.4)

» .
ek ol
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“where the Stefan-Boltzmann constant @ = 5.68 x 108 w/mk4 and € is

the relative emissivity between the emittiné and receiving surfaces. -

(

The convectio;l coefficient, he, has been detgrnn’ned expe‘rimentaﬂy
as a function of wind speed [52, 105, 201, 203]. Most of these studies
‘have developed emﬁirica] formulae relating the convection coefficient
to wind speed base,d' on laboratory or wind tunnel testing on hsma'ﬂﬂ)
.plates. We therefore conducted expe}i‘meﬁts on a full scale model
exposed to actual weather conditions‘to derive a relation which takes
into account the wind direction as well as the wind sﬁaeed. Here we
‘review the reéults of the previous wérk and then compare them to the
results obtained in this study. The ;affect of wind direction on the
outgide convection coefficient v;as investigated experimentally by -
Rowley and Eckley [200]. At low wind speed (7m/s), they found that the
convection coefficient was substantially the same for wind directions
raﬁ'ging between 15° and 90° and was less than that for parallel flow.
Above 7m/s wind speed“, they found a slight reduction in the cpnvection
coefficient as the angle between the surface and the air stream was
i;xcreased. They conciu'ded that for practical purposes, the existing
values for-paraﬁe] f1ow are_satisfactory for design pu%pos'es and the
effect of wind direction can be ignored. In another study, lfind et': al
[201]. reported 'a‘ noticeable effect of wind direction on the convection
coefficient except when the wind blew from -behind the surface at
directions ranging from 90° to_135° from the normal to the surface;
Sriramulu's [202] ‘experiments showed 'a third relation between the

convection coefficient and the direction of the wind. From normal

incidence to 45° it was almost constant and from 45° to grazing
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incidence it increased linearly to 1.67 times the value at normal \

S | . \r

incidence. | - : _ ’ o\
» ' ‘ )
. L . \
The convection coefficient, hc, tends to increase as one or more \
i
of the following three parameters is increased : |i) temperature

& .
difference between the air and the surface, i) the degree of ‘surface
roughness, and iii) wind speed. ‘Rowley, Algren and Blackshaw [ 207]

showed that the effect of varying the mean température df the air and

the surface was’méasureab]e but insignificant. For tonstant wind
speed, a higher mean temperature brought about a sljghtly higher . o
convection ceefficient.  Also, they found that surface roughness

affects the convection coefficient significantly. For | example, the
convection coefficient” for a rough materjal - (i.e. stucco) is almost r

twice as high as that for a smooth surface (i.e. ,glass) [10]. Wind "
. /

L}

speed affects the convention coefficient more than any otrLer parameter, ..

Sturrock [203] found the relation between the convection coefficient S

~

and wind speed to be linear and well represented by:

}

he =a+ by (w/me k) | (2.5)

where a and b are.experimental constants and v is the wind speed (m/s).
Wind tunnel expe:ﬁ'men gave a = 23 W/!“'?" k. Field measurements on
‘actual building aurz:ese [203], [204] gave a = 11.4 w/m .k for
surfaces on the windy)lard%side and a = 0.0 for leeward surfa;ées. He
fond b = 5.7 w/m2 ;k in al experimer:ts. Nicol [52] measured the

‘\'fariation of the windw surface coefficient with wind speeds up to § .
_m/s.  The values of constants a ‘and b were found to be 7.55and 4.35 |
respect1§e1y. McAdams [105] relation I;as' values of.5.7 and 3{8 for -

4
1

constants a and b respéctive1y.

L ac®y
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ASHRAE [10] brovides two relations for “forced convection at
N U' Avgrt'ica‘l surfaces the first is linited to wind speed ranges between

. 4.88 m/s (16 fps) and 30.48"m/"§ (100 fps) and is'given by: .

=

hc=7.34(v)0'8 w/m2 k° R (2.6)

“and the second is given for wind velocity less than 4.88.m/s (16 fps)

A

3

' and is given by:

. . - iy \ . ,‘" o
@ > hc=5.62+3.91(v) wmlk® ’ (2.7)

o

Lo < )
" .Kind et al [201] showed thit the Tinear remtion given by McAdams did

" not fit their experimental measurements. For a parallel” flow, which
M £

<

\ “ N . ]
- N - gives maximum convection coefficient, they fcund a .equal to McAdams' \

5.7 but b was’ abo&,tvl..z instead of McAdams' 3.8.

-
-

*a

Federov [205] developed -a theoretical relation describing the 4 |

convection coefficient in terms “of the ‘thermophysical proper ties of  the

" surrounding fluid. The relation is given by: ' "o .
- o

he =0.94 (Re) 2P ) 033 (k /) wym2uke (2.9,
) ) ) l‘\{k—'\ o ‘ -

where Ry is Reynolds' number ' .
o b ] - A s

Prandt1*s number, dimepsionless

o
-
1}

=~
n

the'rn?al conductivity, w/[in.K)‘: .

a

.

* .
o
1]

characteristic dimension

densitf of the fluid, Kg/m3

a

o
n
\
*
‘ 0

-,

D

&

b



v - = velocity, (m/s), (variable) o s
L ,é\ﬂght of the surface, m : T

U =39 viscosity of air, Kg/m.s ©° . -

~ - - -

For ext®rral walls and windows, the surrounding fluid is a"Ir.‘ Varia—m\ \

tions: in the "properties of air over the temperature range from 250 X°
" £0 300 K° ‘are very small. _Consequently, it is quite reasdnable to use

.\ here air properties evaluated at 275 X° (Pr = 0.715, k = 0.0243, d =
l ' ‘

- - 1.0, p; ll.€95, L =2.25 and u = 1.667 x 10'5 ).- Substituting for air . . |
propérties at 275 K° in Eq. ,(2.8)',and theﬁ adding it to Eq. (2,/43 ) i
J yields: . C . T 3
- v0.5, Lo 2 \ |
. % h =568 ((Lv)""7+ 10 geTy) w/me.K (2.10) 1.
- RS e - S
where ’,
~ k ' , P + ' . .
Tn = (Y5 % Taip) (T # Taje)) : y

hd 1

During t?;e e)?perim‘é‘nta}, field measuraeme;'\ts that were conducted for the
purpc;se of "this study, theAdeiSendence of the surface convectiq‘n wcoeffi-
cient on ;n'nd §(p,eed and wind direction was fr.wesi:.igqte\d. The 1:.echn1‘que
- jéhat was used for estimating the surface convection coefficient differs
»frém‘previous experimentél studies. In addition, it.was base,d;‘on qu-' A
scale fi@ld measurements ratt\{er than ' laboratory testing. Despite the
. act;@that. xthel fechnique’\t‘xsefi 15’ simple dnd based’on several assump-
.iions, the results wére very enf:ou'raging. )\ comparison between-
previousy ®udies and the preser‘{t study has' shown good 'agreement. A - -
* complete d‘escvription‘ of the expelr‘in‘lenta] fnvestigation is prves.ented in -
Y Chapter 1IV. . The surfacer‘convec~tion: coefficient vdried iinear]y with

. the wind speed, s ‘in Eq.-(2.5) -

he = a+ b0 w/ml K b !

5 ~ N M -




-——

- aOn wind speed. - . .
A T

hd ,r
[

. : e ‘
where a and b are the experimental regression coefficients and v is the

wind,sbeed (m/s). From the experimental mgasuréménts of the present
s

“study, vé]uég‘of a and b obtained for five wind directions rangiﬁg from

normal .to lé0° away'from pormal are showntin Iab1e(2;1.
-
Wind Qirection B b -
. \
. "1 0.0° (Normgl) - | 7.77 2.90
| _45° I 7.5 | 3.6
- 90° (Parallel) 7.2 | 4.0
\ | 135° ) 6.83 2.63 8
180° ° 6.27 2.65 .
e | - :

Tab1€~3;1 : Experimental” values for the"Regréssion Coefficients a and b

-
N k)

The thermgl resistance of a surface is proportional to the inverse

. of the surface coefficient of heat transfer, h. The surface resistance

of a windaw constitutes é relativgly larger share of the window total
thnnalhresistance thgn in the case for a typical external wall. Thus,
the overall heat transmission coeffigients (U-values) of windows vary
more with wigd;spﬁgd than external walls. The effeat of wind speed on
the U-vdlue of an external insulated wood wall “and on the U-values of

singley double, and triple glazed windbws is shown in Fig. 2.1. It'ig

apparent that tﬁe use of insulated win&ﬂmd‘instead of the single gTazéd '

windows reduces the'dependencyvof the window total thermal resistance

g
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2.3.2¢The Solar Radiation Input ‘ .7
| e ' \ .
In this section, the beam, diffuse, total solar radiation

1nc1dent upon an external surface and the portion of the total solar
radiation transmitted through window will be calcu'l ated The intensity.

of the direct solar radiation, I, is given by [50]
’

I = aelB/sind - O (2.)

-

for solar altitudes greater than 15°.°
. - . [

Here o is the solar altitude .angle. Parameters A and B are
functions of the ‘time of the year and vary because of changes in the

sun earth distance, and in the ozone and water vapour content of the

- atmosphere. Based on assumed average local atmospheric clearness at a
"vlai‘ue of 1.0, parameters A and B values. at the twenty—fi‘rst of each

—= month are given in Table 2.2. The solar altitude, o , is related the

latitude angle, ¢,,’the hour\angie,, W, and the deciina'tion\ angle, § ,

(' J!na=cos¢cos<3cos<n+ 51n<b sin & , -,(2.12)'

¢

.The ‘hour. angie w decreases 15° each hour with mornings positive
and afternoons negative. The zero is at solar n%on ({.e. due south)
The declination qng]e, &, describes the ti1t of the earths' axis at
501 ar noon from a p’I ane perpendicular to the earth 'S, orbit and tangent
\to the orbit: at the sun's position It is also the e1evation of the
sun at soiar noon with respect to the plane of the equator (north

positive), and it fis given approxi ate]y by [209]

-

. ' —
, N .
t ’ oo . [ ' °
> i
- . . A
‘ i . ’ , . v
N\ i
, .
. Rl D * N . ' v
. « . '
N i N '
., N . ’ .
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}

) \, & = 23.45 sin [360(284+n)] (2.13),

v;here n is the day of the year (i.e. § = 0 at the equinoxes).  The

intensity of beam radiation upon a given' surface is related to the,

N incident angle, 8, by

In=1. cos® o o (2.14)
b A ’ ‘ .
where cos © is given by [50]

Cos 6= coso cos I §in § + sina cos S
where g is the difference*between solar azifnuth and the azimuth of .
normal to the surface, .and angle S denotes the surface slope from the

horiionta1. :

{
w

The diffuse radiation inﬁensity, I4, that is incident upon a

" vertical surface from both sky and ground is given by [50]

Id = I (c.y+.5 pgl(¢+sind)) | (2.15)

where ¢ is a factor shown in Table 2.2 td\account for the dust and ice

content of the atmosghere and y- s an empirical. function of the cos 6

for beam radiation required because'sqattering causes bright'spo}s.in'

the sky which move as the sun moves. When cos@ is -0.2 or less y is

- equal to 0.45. Otherwise y is given by [20&]

Y = 0:55 + 0.437 cos 6+ 0.313 cos2 9

! ’
/

Tbé total solar radiation, Iy, for a given surface, is the sum of the

. i
| »

"bgad and the diffuse components incident upon the surface.

In order to account for shadows on recessed or shaded windows, the

shaded area of the window fust be deférmined.. The shaded area'dpés not

\
b

- ¥ | ST L

(2;16). :
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receive direct solar radiation or the total diffuse radiation. The
width o .the direct beam shadow cast by a vertical rib projecting from
the edge of the window is giveﬁ by

Wgph = L tan n \ ' E a (2.17)
whgre y is the perpendicu]ar distance from the plane of .the glass to
" the outermost edge of the projection and n is £he difference between

"the wall azimuth angle and the solar azimuth angle and is givén by [48]

2
tan n= (1 - cos z - cos © P'sfcose - \

where z is the sun gzenith ang]e.'

4 A B c -
Date e -
(W/m2) | Air mass=l | Dimensionless
Jan. 21 | 1230 0.142 0.058
Feb. 21 1215 0.144 . 0.060 .
March 21 1186 | 0.156 - 0.071
April 21 1136 0.180 . 0.097
May 21 1104 0.196_ 0.121
June 21 |. 1088 0.205 0.134
Jduly 21 1085 | ' 0.207 " 0.136
‘Aug. 21 1107 | 0.201 0.122
Sept. 21 1151 0.177 ° |- 0.092
Oct. 21 | 1192 | 0.160 0.073
‘Nov. .21 1221 0.149 0.063 . x
Dec. 2L 1233 0.142 0.057 s

Table 2.2: Data_for calculation of Solar Radiation
« - _Intensity:Ref. [50].



The‘ Tength of the shadow cast by a horizontal rib proj°ect'1'ng\ from the

top of the window is expressed by !

Hy L. tany - T 2a8)

where ¢ .is the profile angle, given by:
tanye = cos z/cos © '
— 3
"The area of the window that is exposed to both direct' and diffuse
radiation is then obtained from

@ . C
" Agup = (Hy - Hgy) (dy - Wgy) R (2.19)

and consequently the area exposed only to part of the diffuse radiation

Asy = Aw - Asun , . (2.20)

. Thus, the total radfation 1ncident on the wmdow, QS, is the sum of the

. ‘incident diffuse rad1at10n Q4> and the 1nc1dent beam rad'iat1on Qp -

A

n_here( 2 is a factor for the obstructed sky. "It is equal to 0.5 if the

shade is vertical. . The total solar rad1ation transmitted through a

i

clean window. Qg, is g1ven by

‘Qg’='de7r—g *le';?.'v\- "\ (2.22)

* where ‘?g is the average transmittance of the glass and T is the
incident angle dependent transmittance for the g1\ass. Based on Snell's
and Stokes equations given in reference [12], the angle- dependent
transmittance T , along with the angle dependent reflectance p and

absorptance™ were calculated as follows..
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'

The effective reflectance, transmittance, and absorptance of a°
" single, dBUMe, or triple glazing can be calculated, for a given angle
" of 1nc%dence, from two basic optical properi:ies;‘ the relative.
reflractive index np between air and ‘the part‘:"icular glass and the
extinctibn‘éoef,ficient K for the absorption <;,f the solar s;Jectrum' in
" glass. Snell's equation re1.§\tes the\ angle of refraction er; , to the
angyle of inc’idénce 8, as follows

st gyn =sinoon,
where nZ/‘n1 = np apd n and nz' are the refractiv? indices of the two -

mediums (i.e. air and glass pane). ©; and ©. are shown in Fig. 2.2a.

The -reflectance o' has two cdmponents; one -parallel (l1), and one
perpenidicular (L) “to the plane of incidence (the plane containing the

incident ray and perpendTcular to the surface) [12].

. b2 Co )

For normal incidence o = pjy = (np=1)"/(np#1) | - (2.23)

for grazing incidence bi:’ °i1=]‘0 ' (2.24)
_and for other angles of incidence

ci = sin? (8j-8.)/sin® (6+8.) (2.25)

Py = tan? (8-G)/tan’ (§+8) T . (2.26)

Even 'though incident direct beam solar radiatjbn is unpolarized, both
the reflected and transmitted beams may be partly'polar'ized because of
(’fh@ difference betweenEqs. (2.25) and (2.26).

Accohnting for absorption only the transmittance t'is given by

\

- - '\
! - T=,ekL - . o f . S
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where L and K are the thickness and extinction coefficient of the glass

pane. ,

Ref1ecfance t}ansmittance, and absorption for single glazing w{th
ﬁu]tip]e reflectance (shown in Fig. 2.2.b) _can be obtaine@ using the‘
fq}iowing three equa£19ns by Stokes [12]. o

P, =P [1+(1'3(1-p') 2/ 1-0' 21 '})] (2.28)

=0 [(1-0) 2/ 1-0' 20 7 N (2.29)
and .
o = 1. =T, P, S ‘ . (2.30)

where N is the absorptance of the single glazing and ¢ denotes either

p _or o;l . For unpolarized direct .bemn incident radiation, the
average reflectance p© and the average transmittance T for bo;h
component rays can be obtained after two calculations,as
p=0.5[p (1) +p(1)] S (2.31)
CT= 0.5 LT n T (0] o O (232)
For "the case of doub[e identi&é] glazings separated by air, w%th
multiple reflections. | o
p, =P+ (P T 5/ 1-p0) (2.33) Y
, T, ?T1T1./(1'9191) .. o f’ | - (2.34)

for each component ray (11 orl ).

, For the case of. triple identical glazings separated by air,

\ - 2 - ' -
: . P, oz‘+ (o7 /1 plpz) ‘ (2.35)

Ch e Ty =TT/ 1- 00 o ! (2.36) . ..

i

. ! .
%Average reflectances and transmittances for double and triple glazing

gwere obtained as shown in Egs. (2.31) and (2.32). 'Since -the sum of
;rgflectance, transmittance and absorptarice is equal to unity, the.

s
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average absorptance for any of the three cases was obtained as a. resid-
ual term. The absorptance of each glass pane was.also calculated as a
residual term using Eq. 2.30 (single glazing], Egs. 230, 231, 232
(double g‘]azing), and Eq. 230 to 236 (triple glazing). The variation
of the average transmittance, reflectance, and absorptance with. the

ang.1e of incideﬁce is shown in Figs. 2.3, 2.4, and 2.5 for single,

double and triple g]ézing with ' normal % inch panes_respectively.

-

" 2.4 Development of the Finite Difference Model - 4

(This model can be described as a numerical approximation to the
partial differential equation- for wunsteady state .heat. conduction in
three dimensions. We use the implicit formulation of ‘the finite
difference method to calculate the temperature distribution over the o
various layerls of external v;alls and yn'ndows. The ﬂ‘Jture 'tén;lperature
*of a given node after’ a giv;en time interval is determined implicitly
along with the future ’temperaf.ures of the surroundir‘lg nédes, from the
presenf: temperathre of the nodes, .the material properties and the
boundary’ conditions. The number of nodes used was‘ that nun;ber be’yond
which computation time became prohibitive while the accuracy improve-
nent was insignificant (less than 1.0%). -

. . < '
2.4.1 Network ‘Represgntation:'

1

A conducting body such as a window or a wall is First divided into

a given number of layers. Each layer in turn is divided into a number
"of sub-volumes ‘caHed 1umps.¥ These "lumps are cenfered on the nddal
points shown in Fig. 2.6 and 2.7a with edges paraﬁe] to Cartesian
‘axes, of length A;(, 4y, and Az.. We did not fol o;v the usual customs of

‘ using cubic lumps with Ax = Ay = Az ='a uniform separation ‘between

Y




|
|
" adjacent nodes, because the horizontal depth, az of walls and windows

is usually much §mq11er than the height or horizontal width. /in the
\case of walls, tha layer thickness, Az was usually the actual thic#-
- ness of a sublayer (insulation, gyproc, etc.). Therefore, 4z varied
4 fray one layer to another while &x and Ay were kept constant in a

square grid for all layers.

The thermal resistance for conduction between.two nodes, Rij can

be expressed as

Rii = d (2.37)
57 %R
. where-d—is--the--distance-between—the—two-nodes,k isthe ~thermal—con= e

*-"ductiQity and.A is the area of interface between the two lumps. If the
. two nodes lie in the same layer, k is the conductivity of a\single
material, but if the two nodes lie in two different layers, the effective
conductivity k is equal tqf?

k = kikp (az1+az2)/(k1azp + k2 Az)) , (2.38)
. where Azy and Azp are thicknesses of the two layers,.and kj and k2 are

the conductivity of the two Tayers. :

For exterior noﬂes which' are placed at the surface (sthn in Fig.
2.7b), - the heat exchange with'the surrounding.air is by convection and |
) radiation. Thus, the thermal resistance betﬁeen‘a boundary node i and
air is given by

: ) R: 21 ; S (2.39)
- . i-air = A~ . . ‘ .

where h is the surface .coefficient of heat transfer and A is the area

’ ]
of interface between the boundary lump and the surrounding air. '

e e
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The thermal capacify Ci of node i is given by
Ci = Vi Pj cpj “ - (2.~4(‘5)
where Vi,ﬁi and cpj denote the vo1une, the den;ity‘and'spécific heat of
lump i respectively. |

’

2.4.2 The Finite Difference;Approximation:

To derlve theé' equations used to calculate the temperature.d1s-
tkibutions, we start with Fourier's equat1on [104] for the transient

heat conduction through a unit. volume containing no heat sources or

sink In Cartesian coordinates,
9?7 . 32T 377 3T (2.41)
k (3x2 ay? azz) PCp 5t
where \
k = thermal conductivity of the material
p = density of the material
; Cp = specific heat of the material ) .
f = temperature
, .t = time , " . - -
. N ‘( - R =
_In one-dimension, Eq. (2.41) is .
- 32T pepaT . 14T , T (.82)
W (53 =% 9t “a ot _—
where "a {s the therma1 diffusivity o? thg‘material, o = tp
- The so]ution is a one-dimensiona] time dependent function
‘T=7(x,t) | S (2.83)
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Forward Taylor's expansion [211] of this funétion'at |x +z&x] and

t = |t], in terms of its value at x = |x] and t = |t] is’

. T il Ax?
T (xtMx,t) = T(x,t) + Ax(g—x)x,t 21 (%T)x t ;' (3x )x t

+ o (ax)* ) ® Q — (2{.,44)«,
The notation o(Ax)* indicates that the subsequent terms are of:the order

of (Ax)* and higher, and the reverse Taylor's expansion is

2 2
; L 2T
Tlx-ax,t) = T(x,t) - (’c)x)x t 2 (axz)x,t Y

+0(Ax)" : ( (2.45)

-y .
By adding Eqs. (2.44) and (2.45), the central Taylor's expansion, which

will be used in the derivation, is

(2.46)

' . ¢ 32T
Tlxt 1) + Tix-bx,t) = 27(x,t) + & (57), | + albx)

X,t
© . By neglecting'the'fourth order terms, the finite difference approximat-
ions to the first derivatives above can be obtained

2Ty 1 2.
($xk,t 25z [Tleax,t) - Tix,0)] (2.47)

and .forward

(2T - [ (2.48)
(& = =Tk, t) - T(x=ax,t)] -
axx,t backward ax ( ) ( )]

and, to the same approximation, the central gﬁnite difference | approx-

imation to fhe second derivative becomes:

327 1 2.49)

g;zﬂx t =37 [T(x+ x,t) - 2T(x,t) ¥ T(x-Ax, t)] -
72" cent.

At time t = t+at Eq. 2.42 becomes :

(23)

1 .
e s BT [TOsx 8 2T (xteat) + Tlxax,that)] (5
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In the same way, we find finite differenée approximations for the time

variation as:

o~

e

T 1 (2.57)°
(5800t romarg ® KE |T06E0T) - T0x,8)] °!
Ty 1 : (2.52)
(%y)x,t backward = 5T [T(x,t) - T(x,t-At) ]
and »
32T 1 ‘ , : (2.53)
(B_t—é)x,t cents = e [T(x,t+At) - 2T{x,t) + T(x,t—At)]

Hence, the implicit representation of the‘unidimensional transient ,

heat conduction per unit volume can be obtained by substituting Eq.

“(2,50) and Eq. (2.51) in Eq. (2:42). “ ‘
. o

k
(a x)?

[T(x+Ax,t+At) - 2T(x.tet) + T(x;xx,tm)] -

oy

g%n[ﬂx,tm'c) - T(x,t) ] (2.58)

sting a for x, b for xtax, ¢ for x-&x, and T' for a future temperaturér

af: ttAt and inserting the actual node volume AAx, Eq. (2.54) becomes ’\\

' e [ ryre] - A-bely [feta] * (2. 55)
Tax2 L'bTelaTic At a~'a
where A is the area of interface between lumps in the direction normal

to the heat flow and A x 1is the di‘ tance between nodes. Subsituting
Eq. (2.37) and (240) in Eq. {2.55), we gt~

(Th =Ta ) . (Te =Ta ) . Ca (' (2.56)
L R
where Rap and Rac are the thermal resi stances between node a and the

neighbouring nodes b and ¢ at x+Ax and x-Ax, and Cy 1s the thermal

capacity of lump %

*
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1

~ dimensional form of Eq. (2.56) s~

y
4

Forﬁéﬂ- cpl;i,c grid, if we add a heathsource,

n n 1 ‘
oo TETY R 19-T4 28 B LAY
Ul Tt h e et et Mmoo

1

where €g is ahy intermally generated heat, € is any solar heat

. - ‘. R ;
_ same conducting body g = 6 and Np -\Q. .

J

generated 1n the actual volume, nk is the number of surrounding nodes-
in the same conductmg bqdy, and N is' the number of surrounding nodes

outside the co,nductmg body (1 e. outdoor air, indoor am; and other |

a ‘ :
media in contact with the conducting body). M + ne. ® 6.in all [v\/f
. . o, B
3

cases. If the node of concern, i, is surrounded by nodes within the

—
v

-~

In the present model, we have no interally gengrated heat, thus e
N - . . Mpo ) . |
is zero here. If we caH(eS + &21 %'1) ="{,since in.all cases we have

measurements of. Ty for the air’ and surrounding panels, " the future Q

temperature Ti" of node i can be expressed as

b4

.y n n 7 f v .' .
k . R k T ~
I At ) At ). At _.1_ at CE
Tl 1+ 2 + .C =T, + - =
w[ =GR 2=1 “?jﬁm ] U J1 Rj c " X
n, T% . ’ -
\\T.+Atzk-ﬁ)_+%§ni o _
or T ._= 1. . i J=1 'ij i o : . (2-58)
RS : T R . ,
. [] s LR At I At ] oo - A
J=1 CiRij S C.ﬁ. ) - ,
‘ an At \nR‘ At -
Replacing (VR by H; i3? (At/ci) by Ni,'and {1+ j=1 CiR'ij‘ +JL=] c1Rm ) .
by L; gives o -
1 ' T'- - T‘ +(_l ,an T'..l:l.:r‘l‘—l\ n:’ J ’ 5 |
i Ly 41 . Y .
or , N, ng - - T N, /‘:
N 1 z ' ={ .1 _j_ n s .
9 WA 3

’ . ‘ . ~ 9 ., % ~ ) e
t - 57 - e “ \v\\ o
- ~ .a '
eral three , (/ '
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\‘ T nk‘_ 3 *', © "\v . '
or Tj +\( Ji'l dij Tj')= bi ‘ .\y'.59),
\‘uhere I’_ Ny N ,T-ﬁ N3 \ ¢
o afj—:(r}-- Hjj) and bi'-([%—*‘ﬁni) - ®

'4!

with all the. components of by known at time t from the' previous ca]cu'l-w

. L4
ation at time t - At. For the first time interval, an assumption must

~

N . »* N LY
‘bé made for the present temperatures .Ti. We took a uniform temperature

in each 1a}er distributed lgetvqeenf the measured inside and outside

temperature agcording to the interlayer resistances. \

o

o

The ndoor tefberature was kept constant with a thermostatic '

dcontro] . For experiments with constant outdoor temperature, "the

3 solut1on reached its teady state 3- dunenswna] d\stmbutwn during the

second hour. All simulations were started at m1dn1ght when the out-
\* *
door temperature is relatively constant-and no ascillations of. the com-
put;ﬁ temgeratur‘e‘ were opserved after the pn0per grid size had been

aépteﬁi. Applying Eq. (2.59)' to each node of the system wﬂ‘l result in

a set of n algebgic equations in n unknown temperatures. -
' -
?11 T; +a]2 T; +a13 T;+00-.. +¢coon + aln Trl‘f‘—“' bl
a5, T; + a2,2 T; + a,, T' A I Tn =.b,
s [ s . N ) .
aSI'T; +’a32 T; + aaa T + ev e s e , ; ) " ,
----- ‘ . .usk .\ P ” |
.anl Tl +‘an2 TZ + ans Ts‘-on os'e + ann Tn = bn /
or in matr®® form u y '/
LS v T )

where matrices A, 8, and T' represent the thermal coef,fic’ient;’ ajj, bi,
, \ , o

and the future node temperature T{'. They are given by’ \

'
\
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t

, and [B] =

-

' A Y

The solution for~}he future temperature [T'] was obtained by using Gauss

elimination.

2:4.3 Class
y .

In this model there are two different proceduresh for: the calcg];

£l

N

e

”

ification of Nodes by Type and Position:

e

[

ation. ~ The first is used for windows or unifénm wall panels. The second

is used for wall panels with openings for windows, The nodal arrange-

fiéz typeés of nodes that are common to both procedures.

Type 1: Reference fnodes

.9
Type 2: Boundary nodes

”
4

Type 3: Cornér nodes

'

”

L4

I

A

" ments fér"both procedures are shown in Figs. (2.8) and (2.9). There are

"In the‘case of symmetnﬁcal geometry with symmetrical boundary copditions ;

in“either- procedure, we need only the température distribution for one-

. quarter of the system. The axes of thermal symmetryugre adfabatic inter-

faces because heat -flow through an afis'or plane requires a temper

,

¥

L)

L\,

ature

,‘
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difference across the axis or plane. They are shown for a uniform

panel or window in Fig. (2.10a) and for a panel with.opening for window

in Fig. (2.10b). The adiabatic conditions at the axis of symmetry .

1

réquire two additional common types of nodes. g
Type 4: Adiabatic reference nodes
Type 5: Adiabatic boundary nodes

’

The above 5 common types of nodes are ‘shown in Figs. (2.8) and (2.9).
‘ .

Other types of nodes are used only in one of the two procedures. For

windows and uniform panels (Fig. 2.8) the following type is needed.

Type 6: Adiabatic reference corner nodes

-~ For p‘ane1s with openings for windows (Fig. 2¢9), the 'foﬂowing three

ty;‘)es Of nodes are used to allow for different materials in the wjnddw
frame. ' ’ |

vType 7: Fra<me l?oundary nodes . (Frame r??@rence nodes) - N
Type‘B: Adiabatic frame boundary nodes .
Type 9: Frame'corner nodes. d

s ’
The layers of rectangular windows or solid wall pan®ls (Fig. 2.11)

[ ¢ ‘e B

°and the Tayers of wall panels ‘with openings f:or windows (Fig. 2.12) are
classified into three groups. The first group for the outside boundary
1§yer, the second for mgdvian' 1$yers; and the th'ir; for the inside
boundary layer. The nodes ‘1n the outside boundary layer are in contact
with the outside air and can receivg solar heat by absorption. These‘
nodes exchange \heat by radiation and cdnvection to thé outside air and

\.“J N B
by conduction to the surrounding nodes. The nodes in thehqnedian layers

are connected thermally “to the surrounding nodes onlfy by conductign.

[

g

FONP IV TV g
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’

f:'or m’ndows, solar heat is partly abéorbed in the median and the inside
layers, as well: MNodes in the inside boundary layer exchange heat with
room air by radiation and convection and with surrounding nodes by

conduction. ’
-

The pgsitions of the nodes were input to the computer with a three

" dimensional label, x, y, z for column, row,and layer. For the solutjon

of the future temperature equations, a single s:ubscript)i was derWeg,

from

v

i=x+ Lly-1)+ g, (z-1) © (2.62)

-

1

where 21, and 2, denote the number of nodes per row and the number of

i

nodes per layer (1i.e. for a square p‘;anel L = 5112, and for a rectangu‘lar‘

panel £, = %1 x the number of columns). Consequently, a typical node

Pxsysz corresponds, to Py and the six surrounding nodes Py.1,y,z »

‘Px+1,y,z, Px,y_l,z ty Px,y+1,z, Px,y,z-l and Px,y,z+1 Correspond to

Pi-1, Pi+l, Pi-il » P+ 2y pi-lz , and Pi+22 respectively as shown in

Fig.2.13. Thus, the thermal interaction between two nodes 1{ and j is

- represented by the element ajj- Each diagonal élement 3ij has a value

of 1.0. In each row, at most only six off djagonal coefficients

centred on the dia'gona1 have non zero values, since only a maximum of

siX surrounding nodes interact with the node i described thermally by -

row i. The column location of each of the ;1‘{ diagonal coefficients is
conveniently described in terms of the particular row 1 of concern

(i.e. the six non zero off diagonal elements in row i are:, a{,j-1 »

3141 3451y Aigny 5 Haiogy I a1geg, )

~

]
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’ Al

' '2.4.4. Detemination‘ of the Heat Transfer Coefficients:

The heat trané/fer coefficient 1is the 1inverse of ’trle thernlxal.
resistance (given by .Eqs. (2.37) and (2.39)) between‘ the node i of
concern and a neighbouring node j. h_If the neighbouriﬁg node does not
lie within ’the same conducting body 1'\t is called node . Thus the heat
transfer coefficient is denoted by either Hij for internal nodes or Hj,

for boundary nodes.

i

The . coefficients ajj of matrix [A] and hi in matrix [B] were

determined from the heat transfer coefficients Hij and Hjg. Since the

_ spacing between nodes in the x- and y- directions was taken equal @ x =

Fal

Ay), the heat transfer coefficient Hjj \betWeen any two adjacent nodes

in the same layer, shown ‘in Fig. (2.14.a), §s

~

. - A - AYAZ s
= ke 7% % kr T (2.63)
h = kr . Azr

with ky being the thermdl conductivity o; the layer r in either the x’
or y direction: A zy is the thickness of  layer r. For two adjacent
nodes in two different layers (c.f. Fig. 2.14b), the heat, transfer

_ coeffictent Hij “is given by
H2 = K WX)*/((AZ, +AZpe1)/2) ‘ (2.64)

wf\?re ky is the equivalent‘ therma'f conductivity between the two inter-
acting nodes in the two different layers, obtained from Eq. 2.38. For
the two major boundary layers the heat tran.sfer coefficient Hyg s

given by

s
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A —

H3-= hy (AX)2 (outside boundary layer) (2.65)
and '
H4 = h; (aX)2 (inside boundary layer) (2.66)
.

where hy and hj are the outside and inside surface coefficients for

convection and radiation. The value of hy varies with wind speed, wind

direction, and outdoor air temperature as discussed in section 2.3 and’

Chapter IV. hj was assumed constant at 8.3 w/m, K° (still air) [10].

The heat transfer coefficients Hij and Hy; were evaluated as the

inverse of the thermal resistance given by Eq. (2.37). The value of a

B

heat transfer coefficient depends on the thermal conductivity of the
material, k, between the two interacting nodes or the surface
coefficient for convection and radiation h,"the Spatiaj distance
between the two nodes, d, and the area of contact between the two lumps

centred oﬁ these two nodes, A. Since d and k or h are independent of

the node type, the thermal conductance coefficients differ from one

type to another, within theg same layer, only if there is difference in
the area of contact, A. This difference is proportional to the area of

contact.

The heat transfer coefficients Hl,~H2, H3, and H4 were calculated
for the reference nodes of every layer (type 1). The ‘heat, transfer
;oefficien‘ts H1, H2, H3 and H4 for other types were expreséed in terms
of those of type 1 after .being @Ttiplied by a factor proportional to
the ratio of the areas of contact, i.e. the ."area of contac\t (in the xy
plane) for type 4 (adfabatic reference nodes) and type 6 (adiabatic

reference corner nodes) is identical to type ‘1.4 Nodes of type 2



(boundary nodes) and type 5 (adiabatic boundary nodés) have a propor-
tionality factor of %, and type 3 (corner nodesi has a portionality

‘factor of %

Similarly, the frame boum.iary nodes (typel7) in every layer, were
taken as a reference node for the' other two ﬁpde types of the frame
(type 8, adiabatic [frame boundary nodes and ‘\type 9; frame corner
nodes). The heat transfer‘ coefficients Hjj for two"interacting frame

nodes in the same 1ayet: is given by A
A
H5 = Kf AZy Af / AX “:\ (2.67)

where Kf is the thermal conduct1v1ty of the f;\ame material and Af is
the frame thmkness in the x or y direction and is shown in Fig.
(2.14a). \

If the two nodes 1ie in the same layer but oné is a frame node and

the other is a panel node (as shown by H6 ‘in Fig. 2. 14 a) the heat

trapsfér coefficient H,-J- is given by

A

H6 = K AZy Ay / (af + % AX) A (2.68)

wheré F is the series conductivity and’is calculated as

X = kfkr(Af +4 ax) /(3 kax + Kk af)
If the frame reference node (type 7) is in contact with air or
glass, we have

. H7 = hedy AZ, , , (2.69)

i

where hf equa1s hg if the layer fis exposed to the outside air, and

equa]s hy if the layer is exposed to the inside air. For nodes of type

7 that are in contact with window glass, we used a constant hf = 10°

4
4

v
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ué;.)l( determined by matching calculated temperatures for both the

window and frame nodes to experiments.

In the case wheré the two ffame nodes 1ie ir{ - two consecutive
median layers, the heat transfe coefficient H8 (shown in Fig. 2.14b)
is given by -

H8 = K¢ A g AX/((AZ, +AZr+l)/2) (2.70)
For the inside and outside frame 1,'ayers in «contact with air; Hyg fis
' £

given by’

o ot / i R
H9 = hgAX Af (outside layer) (2.71)
and ‘

HIO = hpAX af  (inside layer) S (2.72)
Coefficie:nts H5, H6, H7, H8, HY, and HI0 were-calculated for the frame
‘boundary nodes (type 7). As before, coetficienyts for type 8 have an
area of contact proportionahty factor of 1.0. For frame corner nodes,
(type 9), the proportionality factor for H5 and H6 is ‘also equal /0
but the proportionality factor for coefficient H7 bécomes

*

20 X~ Af) Az ‘ , (2.73)
YA '

Up =
and for coefficients H8, H9, and H10 the propotionahty factor for
'type 9. becomes X

Uz = (24,8 - A2)) / (8.2X) | (2.74)

F1na11y, we need a* coefficient for boundary nodes at the pane1 or
window outer edges, Hll (shown in Fig. 2 14a and b) that do not come
into contact with the air. , '
., H1l = he Ay bz | (2.75)-

with he = 10 w/m2 K



(4

Wall panels were divided into five layers each of thickness AZ,

matching the actual five layers of the wall panel. The ajr gap after

the insulation between the studs was considered as one 1\§yer. The

thermal properties, dimensions, and geometry of each layer are describ-

.ed 1in Chapter IV. Glass panes were divided into two layers each to

allow the calculation of a different temperature distribution on each
surface and to allow a temperature gradient across their depth without
too mu;:h computer time. The air layers in multiple windows were 1left
undivided. Thus, a double glazed window has five layers and al tri;;1e

glazed window has eight layers.

The eleven heat transfer coefficients were calculated fo} single,
-doub]e, and triple windows, and for the particular wall panel used in
the experiments (with and without window openings). The values of the
eleven coefficients are shown in Table 2.3 for nodes interacting within
the same layer and in Table 2.4 for nodes 1'nte1'fact1'ng in two consecu-
tive layers. For nodes in contact wi th.air, the values of the coef‘fic-

ients are given in Table 2.5.

Coefficients H1, H2, H5, H6, and H8 were used to evaluate the ajj

coefficients of matrix [A]l, while H3, H4, H7, H9, H10, and H1l were '

used to evaiuate the n; term.

The thermal storage capacity of a reference node (type 1) was cal-
culated for each layer of the window and of the panel. For panels with
window 6pen1'ngs, the thermal storage capacity was .also calculated for a
frame bou\ﬁgary ntde (type 7). For types 2 to 6, therrpa1 storage capﬁ-

\

cities were\\\obta’lned according to their volume ratio with type 1.

) -~

\
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the thermal for. types 8 and 9 were

" Similarly, storage capacities

obtained as a volume ratio to type 7. The thermal storage capacities

of types 1 or 7 for each layer are shown in Table 2.6.

FRAME

WINDOW WALL
Layer
_number H1 H11 H1 H5 He H7
! 0.003192 J0.00547 [0.00286 0.00035 {0.0046 0.0854
2 0.003192 |0.00547 [0.00142 [0.00140 [0.00276 | 0.3416
3 0.000328 }0.02188 [0.00142 |0.000175/0.00230 | 0.0427
4 0.003192 [0.00547 10.00414 |0.00245 {0.0073 0.68318
5 0.003192 |0.00547 [0.00296 |[0.00035 {0.0046 0.0179
6 0.000328 }0.02183
7 0.003192 {0.00547
8 0.003192 j0O.00547 :
Table 2.3: Heat transfer coefficieng between nodes

&

within the same layer (w/K )

WINDOW ' WALL FRAME
Layer
number H2 H2 H8
1,2 10.350 |0.04475 | 0.03125
2,3 0.5548 [0.04680 | 0.04160
3,4 0.5548 [0.04123 | 0.0250 e
4,5 10.350 {0.03963 | 0.0208 r
5.6 0.5548
6,7 0.5548
7.8 10.350

Table 2.4:

Heat transfer coefficients Hij between two

nodes in two congecutive layers (w/K )
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WINDOW WALL FRAME
Layer i
Position H3 H4 H3 H4 H9 H10

(outside) [(inside)|(outside)|(inside) [ (outside)|(inside)

First or 2.0875 [0.51810 | 1.38596 {0.34404 | 0.1708 0.0424
Last layer

r Table 2.5: Heat transfer coefficients Hig (w/K )"

ot

WINDOW WALL FRAME
Layer
number c C c
1 403.36 35.624 4.354
2 403.36 22.447 17.416 .
3 0.9251 17.812 2.177" -
4 403.36 12.528 30.478
5 403.36 35.624 4,354
6 0.9251
. 7 403.36
: 8 403.36

Table 2.6: Thermal storage capacity of —
reference Tumps ih each layer (J/K )

2.4.5 Heat Sources and Sinks in the Panels

!

The coefficients ny were determined for every ndde in order to

determine the el eme,&"bi of matrtx [8]. The term n, accounts for the

i
heat that is created by absorption of solar radiation 1n the externa'l
surfaces of opaque panels and in all layers of glazing. The solar
radiation reflected back to the inside of the glazing was measured, and
neyver exceeded 8% of the input solar radiation, so solar heating from

reflected radiation was ignored for all ‘compass orientations. Each
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glazing layer- absorbs a portion of .the radiation transmitted through

the layer preceeding it, so the numerical value of the solar heat

- 69 -

absorbed changes layer by layer.

The term n; was determined for three types of* nodes (type 1,2, and

7) and is given in Table 2.7.

o«

Layer Node type n; at time t (watts)
~ — ‘
% "3,; Type 1 n; = (A.?S JI(t) + H3 . To(t))
o | 5| wpe2z |nj= BAng . I(1) + H3. To(t))+H1L. T (t)
— =] .
g é type 7 |n; = (Ag.ag 1(t)) + HI Tolg) & Hy To (1)
. type 1 n; = (A e TH(t)) .
: (=]
£ | 2| type 2 ny = .5 (A, a .TI(t)) + HIL. T,(t)
Y —
> | = .
=
c
2 typd 1 n; = 0.0
= .
£ T “type 2 ny = HIL.T, (t)
type 7 n; = HI. Ty(t)
type 1 ny = (Aag. TI(t) + HA.Ty(t))
K4 .
o N . y
o type 2 ng = .5(A.ag. TI(E)HHA.T{(£)) * HLL.To(t)
p . re +
[} =
>
~=
8 type 1 n, = HA. Ty(t)
S "3,; type 2 n; = .5(H4. Ti(t)) + H1L. To(t)
type 7 n; = H7. T3(t) + H10. Ty (¢)

Table 2.7: Net rate of

heat input for nodes type 1, 2, and 7.

L4 . ‘d
4.

o
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Notation for Table 2.7 ’
A = Surface area exposed to input for a reference 1ump (m%

Af = Surface area exposed to input for a frameé referencé Tump ,(mz)

‘as = absorptance of the layer
T z average transmittance of the preceeding layers
It = incident solar radiation intensity at time tl (w/m2) o
?Q(t) = outdoor air temperature at time t .
Ti(t) = inside air temperature at time t
Tz(t) = temperature in the gap at the edges of a panel or window
Tvkt) = air temperature of the medium surroundilng a gi‘ven layer of\ N
N ) the frame (Ty(t) = To(t), or = Ti{t), or = Te(t) whefe \\\
. Tg is frame-window air gap temperature). T ' A
-

“ R c “

. 2.4.‘6 - Determination of Matrix [A] and '[B] Coefficients

The energy vlance of node i was given in Eq. (2.59), as

. j="k i ‘ N
T1. +z- TJ aij bi ‘(2.76)
'J'] @
with /€ '
»” N‘
a4y = - Ty M43 ] “
and RN ! .
T4 . Nj ! ,
" n
by # ke gt M | ,
. \ 1
where ' \ '
/ . ¢ \
, )
¥ /. b -
\ Qyw - \
< . \ b~ "
/ . l\ \/ LP - "



1 /j
- .o .
N T ‘ ) : ° .
Ti' = the future temperature of node i after a time interval (K)
Ty = “The present temperature of node i, (K)
TJ" = the future temperature ‘of one ‘of the Ng surrounding nodes (K)
\ n ! "
n; = [e + r 'R’ iL—-] (given in Table 2.7)
) g=1 ie \
, AL
. /
Nj = 8t/Ci (K /W), At =.time interval(sec ), C; = thermal storage
capacity 'of the lump (j/K) r
' ’ /'m.‘

[ nk ) nR & " ] h 3

L 1L+N[ 2™ Ho o+ 279, )

. R P AT | e s
where Hij and Hij,, are heat transfer coefficient between node i apd a

.} -

"~

surrounding ngde'\j* and 2 respectively.

.

In order to obtain the.future tenperaﬁxre at all nodes, the term;\ .

Ni and Lj and the (gLQiBﬁnJ;f; ajj and by must be determined cwi'th respect

to- the various types of nodes. . 4 :
> ‘ R 3 ’
\\ | / . . . I
N For each layer, r, the term Ny can be determined for the main

°

R layer . r respective‘ly. Ny for types 1 to 9 1s given 'In Tab1e 2.8.

3
N
LY )

~

‘'reference Tump, N(r), and for the frame referen\ce lump N¢(r). The term

N4 for lunip i depends on the 1ump type. Ffor ﬂ{pe 1 to 6," Nj is given

as a r,atw of N(r) and’ for type 7 to 9, Ni is g ven as a ratio of Nf(r)

where/ '

SR LIRS GO R 7 B C )

and
. — . 1]

Nf(r) 2 At/Cf(r) £/w) , (z.78)

'where At is the time interval 'in secozads, and Clr) and Cf(r) e the .
therrqy storage capacity for the main and frage- reference. lﬁﬁps of

’

/
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’ ! i
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‘ The parameter‘t\is .ditenn?ned “for various :types of nodes ‘For

. /
,windows and sol1d waH panels, there 1S a maximum of 51x-—di'fferente,»

types 6f\nodes ‘used - {type 1 to6). Int \he\ case of panels w1th window
. Openings, an additionai‘\three "hode types are used-to acc0unt for the
frame- of the wmdow Opening created in. the panei This results in a
- special sﬂ:uation for paneis'with window- openings where nodes. of type
1,2,4 or 5 may adJom each other or nodes~of- type 7 ‘8 or 9 and para-'

meter L, must ‘b\determined twice for type 1,7,4. @nd 5, depending on

‘ __the conductivity and size of the neighbouring nodes. - The ' various

forfiul ae, for the parameter Lj are shown in Table 2.8.

[
i . -
. 1
N

Having _dlei':emiined Ni'and Lj, the ’aij and bj can be‘eval uated.

" The aij‘are,cla\ssified into wokgroups,‘group.l comprgises the caoef.fi_-.

‘ cients between two ini:eracting nodes that. are‘in the\ same layer. Gr’oup\
“11 comprises the ‘coeff‘icients between' two interacting nodes in two
consecutive layers. Because of the different types of; edge geometry,

Group I s subd1v1ded into 2 cases a, and b. _ o . R

In group I., case I.a is limited to the‘-cqses where .
. |

A

Hij = H1 (for types 1 to 6) and H” ‘HS (for typeJ to 9)

v

“Case I.b is limited to the situations where

- [ 7]

Hij = 0.5 Kl (for types'1to 6) ~ - °

. N
' s’ N .. ' - L
. \ : . N .
' ) ' i
- . .
’ . ' ; N .

Hﬁ H6 ffor i:ypes7 to 9) o

. and -

=
e —
-
. ~
.
R4 ‘
»
Al
\]
. .
s R
b / .
.
~
“
.
N
S
i
1e
~
\
v
£
+ [}
.
I
H
~
- 4
iv)
—
)
V [N
e g
'
A \
»~

a7’

o~ Similarly groyp. IT is hmited ,to the s{tuations where

- H,J = H8 (for types7 to 9).
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\Noﬁe Type'

. Coéfﬁicients'aéj‘fof matrix [AJ

CASE I.a

CAS?‘IZB

‘CASE II

o

| Type 2

\

1]

ij.

=

C Typet 3y = N e a5 = N H2
(. \ T, 1
L i ,
* ] . )
a,. _=Ni . Hl Ja.. _"20.5 N1 .H1 |a.. _ =0.5Ni.H2

-
Cs
u
—
e

< L

Type 3

Y™

J

i IH] A L)

—,
[}
]}

p ) aoud

|

Type 4

ﬁi

i

. Hl

—
.
1]

b Type 5

. HI

SRE

i .H1

Y.

y i i L
) X t'}_; . ! - \ - .
(;//Type 6 a;. *=Ni . H _ 335 N o

t gz

Type 7

.- H5

—
[ AN
* .
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—

Type 8

. H5

.H6

Type 9

-Ni . H5

-Ni

Li

H6

a4 for each




- P’ . ) ’

' The coeff1c1ents ajj for both groups are shown in Tab]e 2.9.

--" ’-»

The coefﬁcients bj of matrix (B]. can be eval uated since Ni, L1, '

»
e

V. and ns were prev1ous1y determ'qned '

‘
<
¢ @

2.4.7’3.Net‘ Energy Gain or Loss ' N Do

’ . «
[ »
0

'& - Heat gam ‘or loss for a window or a waH panel ’ occurs ‘at the - .

- kE

boundary surfaces The boundary surfaces are the external surface
¢ [y

- facing out, the internal surface facmg 12, .and the side surfaces. A

i

solid wall panel or 2 window ha;‘ four side surfaces. In the.case of

i avnniifanbih

panels with openings for \indows, there are additional .side surfaces to

be considered at the window opening as shown in Fig. 2.15.

3

When the future ‘temperature of the nodes .after a time increment
t' have been determined, -the heat gain or loss is-calculated from the
Heat flow eduati_on's for the boundary nodes.''In this model the heat '

flow equgtion for boundary nodeés on any single boundary surface was

‘ ' - 4
expressed as . . N . ' 4
) ) : _ . - h
L qi = Hil LAT' ~i£ ’b\' N - ‘ ) » - . (2'79)
- where - ‘ , .
-3
Qi = the average rate of , heat flow for node i through\that o i
K o
s1ngle sd‘v-face durfng the time 1ntervaJ (w) o
Hj}z, = is the coeff1c1ent of heat transfer’ between node 1 and

the adjacent air or pane] at pos1t1on L opposite i (w/K )

~

ATM = is the average temperature d‘ifference between node i and

the adjacent:air or panel at position £ gwen by

L]
A

Mig = &[[Tziﬂ) + To(trat)] - [Ti(t) + f1(t+At]ﬂ‘K (2.80)

e

o ' ~ L N
’




" are expressed as - : o

[% .
- A negative heat flow rate 1nd1cates hea} loss from the ﬁode‘ In order

" to check the heat balance calculated later, separate sums were done for

heat_ gains and for "heat losses af boundary s'urface,s_.
.. i A k

’ ThuS\_th.e average heat gain, gq (t+sat) and heat,ibés qL(t’r%Atz

[
4 7

aglt+sAtl = T Hj, ATy  for ATiy > 0.0 (2.81)
. boundary nodes \ ’

and
qftHs t) = T Hiy AT, for ATjgp'<0.0 °  (2.82) ° L.
. : boundary noc]es . : .
S ' ’ . 3 . - 4
The corresponding energy- 'ggin, Eg, and energy loss, EL, during. the time
" nterval were expressed as - T ) |
Eg= 106 At Lgg(teyat) W) L (2.83),
and ' ) ‘_ '
FE = 1076 at . q (t+% at) (W) L (2.8 7

Y
\

The- total energy ,Stored in the, system during the’ time interva] 15 the
sum of the energy stored 1in each node.

Egt = 10-6.121,(:1 (Ti(teat) - Ty () (W) “(2.85)

. B 3 [ -«

-

We -check . the en:argy calculation for.each time interval with

s

+EL+Est | . ' (2.86)

Another source of heat .1oss or ga1n in buﬂdings is that assoc1ated

. wjyh infiltration through gaps and cracks around windows and gxterngﬂ

-

~

panels.

0

Energy loss or. gain 'due to air infilttration fis diffic‘u1t‘*to'

determine theoretically because the rate of air infiltration can be~

I‘imited By' the rate of exfiltration and depends more on workmanship,
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1
-,

(i’.e. the width and length of-cracks and gaps), than on the 'pressure'

difference across a particular wall. ASHRAE [110] gives infil tration
rates for specific walls and wihdow at only a few djscr:ete preséure
-~

was required to evaluate the

differences. More detailed information
o ’ ,

s

energy loss qssociawt’ed"with air -infiltration in this study.  The -
're§u1ts of an experimental investigation to re1atel the amount of air
dnfiltration to the win;i speed -are presented in Chapter Iv. An
. sinfiltration c_éeffitiqnt F, re;;resenting the rate of sensible heat loss
or gaim per degree t‘:emperature dif‘fe’rence per‘meter length*of crack,
wés found to be re'latefi to wind Speed,‘ v, by k .

_ F=.08l + .024 v +.0096 v2 + .0053 v3- , | (2.57')
where F 1s in W/K~ m when the wind speed is ,in m/sec. A; shown Tater E
- in Chapter IV, F represents the product of the density of the air;‘, tﬁ‘e
.specific heat .'df the, air*, and the volume of the air infiltrating per
unit time p'er unit length .of crack. This air volume \depends:.o'n' the
~pre§sure difference, and crack size. ‘ . |

\
[

2.2}.8 Examination of Sideways Heat Exchange o ;

. . . -

. In the-case of normal concrete or brick external walls heat gain

or loss takes place only at the external and interna'l, surfaces. If

these walls contain openings for windows, heat gain or loss takes place

»

at the sides of these openings. For a panelized external wall, heat
. , .o . . -
gain or loss also takes place at the air gaps between panels. In order
to examine the significance of the sideways heat exchén'ge at the inter-

face, between paneks, the heat loss was calculated for "two computer




simu‘lated cases. In the first _case with no-a1'r circulation in the

gaps, ~ad1abat1c cond1t1ons were’ assumed n the second case ‘heat was

‘ exchanged between the panel and air c1rcu1a,t1ng through the air gap
. between paneis. In both cases the: temperatures of room air and. outdoor

a1r were a$sumed constant ‘at 20 € and -16°C respéctwe]y In the

\"'

second case the a1r temperature in the gap was assumed constant at'

K

‘-_10 C. 0uts1de and 1ns1de surface heat transfer coefficients were_ al 0 - -

assumed constant at 17.9 w/m/2.K and 8.3 \'q./m2 K respectively. In the

gap the heat transfer coeff1c1ent was taken as 10 w/m2 K in the non-

o

d1abat1c ca/se This value -was ,chosen based on a best fit between‘

_ calculated -and 'measuxed temperature at the edge.

°

", The rate of heat loss from the panel for the non-adiabatic case

was 35% more thanthat for the adiabatic case. The, dimensions of the

simulated panels wefe 2.5 x 2.5 x 0.1625 meters.” The edge area 15'26'%'

of the inside or the.outside surface areca. About % of the extra heat

loss arises’because close to the gaps', the inside edges of the panefs i

are a@oled by the a]‘r" circulation - in_the . gaps. Thus a .panelized
.. - . [ . , ’ b
external wall will often have a higher raté\o&heat loss than a normal

wall with the same materjals.. =~ ' ' © e

[}

& * .
L ) =
“ . s . . ‘ ~
\ [ .
o

.

The ‘thickness of an externa1 wall is severa‘l tlmes 1arger than

the thickness of a vnndow. How far the window 1s recessed influences

the edge heat losses of the panel around the window opening. The 'sidev-

"ways:heat loss at the wjndow opening was simulateéd for various window

positions. .The total sid'eways heat tra'n'sfer qf the wall. panel at the

window ‘o.pening comprises three cornponents. The first 1is the heat

~—

ry



<

~ ., [N

~

transfer at the oliter portion of the window opemng 'The .second is the

heat transfer at the inper port1on and the third is the heat transfer.

to the w1ndw edges. " The three portwns of the side surfaces at ’the

windd opening are shown in Fig. 2.15.

¢

-’

“ The sideways heat transfer at the window opening was calculated

using the 'same temperatures and surface coefficients as the adiabatic

°

cdse 'discussed earlier. The results are shown 1in _F1'g.l 2.16 a1o'ngi with

Y

front and beEk heat tfansfer:_ -The index numbers shown indicate the

number of the panel 1ayer'in contact--with the window— The effect of

. w1ndow¢d1stance from the exterior surface of the pane] on the heat 1oss

is shown in Fig. 2.17. Minimun heat foss occurs with the window
N
aHgned with the 1insulation layer (layer 2_). For other types of

construction, the position of the window which gives minimui .heat los$

» Will depend on the thermophysical properties of the wall layers, their

thicknesses, and their order.

2.5 SUMMARY .

phap'te;' I1 was limited to the thermeﬂ aspects of the p.resent
stud§ The meth:)ds that are conmon1y used in the ca]cu]ation of heat
transfer through windows and ,walls were d1scussed The advgntages of
the present the(mal model were exp]ained in sec. 2.2. The basis upon
which 'the "finite difference technique was preferred over the finite

element tech!m‘que was also discussed in sec. 2.2. Heat exchange at the

.external ‘surface by convection and radiation was reviewed (sec. 2.3).

The relations relating the convection coef‘ficient at the external

~

*Q

r
D O - T



. [N -
.
| ’ B - N
\ “ . ' . . !

surface t0 -wind speed and wind direction were presented in sec. 2.3.3.

T}re development of the fimte difference model to approximate the

.pertwl differential equa%mn for unsteady state heat conduction in

'three d1mens1ons was presented in sec. 2.4. The 1mp11c1t formulation

\

wds used to calculate the temperature _distribution over the various
1@&ers of external .walls and windows. In this,K model, we also accounted
for the solar heat generated in the volume ,of the external boundary
nodes of walls and'%ﬂ nodes of 4w1'r'1dows excluding -}:he shaded parts.
The nodes” were 'c1assifded accord‘ing to. their type and position within
“the conduc ting body (see. 2.4.3). This model 1is applicable to windows
| {single, double, or tr1p1e glazed) and wall pene1s, {uniform or with
opemngs for windows) In sec. 2.4.4., the heat transfer coefficients

between any two interacting nodes were determined with respect to their

relative positions, their types, and whether both nodes lie within the

_same cqnduc}:in‘g body or not, The coefficients of matrix [A] and [B]
were deve1oped aliéng with the parameters Lj Nj needed for the calcul-
ation of the future temperatures of a:H nodes in sec. 2.4.,6. The
calculation of the net energy gain or loss during each time increment

is described in sec. 2.4.7 along with the relation used to “calcul ate

the energy gain or loss associated with air infiltration as a function

of wind speed. The sideways heat exchange at the panel to panel inter-
face and at the window 0pemng were examined ‘in sec. 2.4.8 and the

sigmﬁcance of the window recess 'on the heat 1oss was also exam1ned.

¥
-
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windows with wind speed

&OE r T %
. L wind direction: . normal to the surface
: o h z 7 77+2.9 v
‘ 7.0 — ¢ ¢ . -
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A o 5
‘; “c 5.0 ~
. ~ . L
N J - |
BT .
Fr 5 a0k - -
-4 e - N ,
v <L C .
> C ,
! C
S5 30F 7 ' DOUBLE GLAZED  _
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| OO \ 2 .0 4.0 6.0 8.0 10.0 . IZZQ
o WIND SPEED, m/s T
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Fig. 2.1: Var1at1on of the U- -valueief . s1ng]e, double and tmp1e glazed
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incident , '
beam S /reflected )
beam o
nl~ '~ .
- . nz ] ¥
' - refracted
beam *° . _.

. a 1nc1dent reflected and refracted beams of light
ot and 1nc1dence and refraction angles of a trans-

parent med1um.

il
Pl =o' o 14(1 = p'")2 o ,

(1-2")

A1t —-p')’N

oL .
- ’ i T

- (1 =p'P¢2p" (1=p"121"%p"

. b) Ray trace diagram for a trqnsparént medium showing,
the reflected and transmitted fractions accounting

for multiple interreflection

L

Fig 2 2 {iigifﬁssion and ref]ect1on of light for a transparent medium -
12 , , .
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Fig. 2. 7: Schemat1c representat;on of thermal res1stances between nodes
oo a) thermal conduction resfstances between an internal node )
. and its surrounding nodes ‘ .

- b) thermal convect1on resistance between a boundarv node and a1r.,
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Ftg. 2.14: Heat transfer coeff1c1ents between two ne1ghbour1ng nodes

a) within the same layers
“b) in two consecutive layers
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‘ CHAPTER 111 L

CALCULATION' OF NATURAL LIGHT OM A HORIZONTAL PLANE
" INSIDE A ROOM USING A TIME DEPENDENT DAYLIGHT FACTOR

L3

3,1 INTRODUCTION:

~ .
\

A} o -

Provision of natural daythj: is 6n’e of the fundamental functions
of windcswg. Daylight is -psychologically and physiolpgically importag;_
to the ‘well-being of the 'occypants. In buﬂdiﬁgs, electric thﬂ/gg
.takes the second largest amount of energy after. heating {1]. Thus,

energy‘.i:onsumption can be r-educed' if daylight is efficiently utilized

N

as a dominant lighting source for the 1'_n_ter'1‘or, particularly at periph- -

eral areas. Electric lighting can then be used as a supplemental

source whehr'lever daylight falls below ‘the required level - of illumin-

ation, The current daylight calculation methods,were-nbt -devised fqr
energy c:a]cu]_ations.° In the present study, we develbp an‘energy
oriented and time dependents version of the Daytht.Fac‘r Method,

which .1s the .one most comnonf)" used. The present form of this method

is 1imited to a time-independent desi'gn sky luminance and the calcul-

ation of the minimum level of daylight in a'giv.en room from é.densely
ove:':cast sky” to‘ satisfy somé architectural design purposes and the
bui’ldﬂihg..wdes. Our modified daylight factor method is extended to
fnclude 'dayﬁ'l ght ene}gy ¢alculation due to ti{r‘ne depﬁndenti‘éky_.].upli'nance

distributions, and the supplemental e]ectr,ic’[ energy required when H'ayf

]

light is effifiently utilized. _ - Y

e

The dayl ight factor, by definition, is thé& daylight illumination

SR T
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at a‘reference point inside expressed as'a percentage of the simultan-
eous 1illtmination,.from the whole sky, on an wt,xriobstructed horizontal

plane. The’ daylight factor has two components, a sky comﬁbnent and a
. \;ry ~
reflected component. The éky» component is- the product of, a sky factor

+

times the window glass transmig\tance. -
r“ .~

&‘°
The sky factor, by definition, is the diffdse sky illumination
that would reach the reference point directly through an ‘unglazed
window opening expressed as a percentage of the simultaneous 117umin-
-y o~

atiorj from the whole sky that‘ is received on an unobstructed horizontal

»

plane outside., The ref]ected corﬁ;@nent is the reflected Tight rece'ived

¢

at thegjjrence po1nt from both external and internal reflecting sur-

faces. is also expressed as a percentage of the illumination from

v ’

the who]e sky that is recewed on- a hor1zonta1 unobstructed pIane.‘ In
order to calculate the daylight factqr, an appropriate sky Tummance
distribution must, be assumed. There are three sky luminance d1str1but-

ifons that are commonly used.
N . d r

In the simplest distribution, .the bgmoin'arrce of the sKky is assumed
to be that of a hemispherical perfect diffuser. This is known as the
unifarm sky 1um1’nanee. 'According]y,. the value of the sky fgg'tor

depends only upon the drea of the window and the distance of the refer-

ence point from the windows The second distribution ‘is the C.I.E.

overcast sky&wher'e the luminance of a point 1in the sky is independent.

-

bution fs characterized by the fact that the.sky at the zenith is

.
-~

Qmost three times brighﬁer than the sky at the horizon. Tﬁe third

/

. w -

4

1

.. N

‘ Fi . : .
of_it$ azimuth angle but varies with the altitude angle. This distri-.
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-assuhptions in current use must be changed. The common assumptions

- 100 -,

»

e | » N

distm'Bution, is for“ ae clear cloudless sky with no direct beam solar
. i " . , . l

smatll

‘
-~

radiation (as though the. sun is always obstructgq by a

cloud). The sky factor under this distribution is not only a function

. of the window geometry but also the latitude angle, the window azimuth

angle and the time of day and ye‘ar.‘ A sky factor generated from this
distribution is tim‘e-de;}ﬁent and therefore, it wi}1 be referred to as
the v;riabje skylf;ctor, SFV’? The subscript v is used to distinguish
the var'iabm‘ dayh‘gr\t factor and its components from the conyfptionaT
ones. In ;alsimﬂar fashibh, the reflected component apd the/dayh’ght
factor wid] be“t"eferred to agtpié‘ variablf reflected component _Rcv and
the variablé dayl,i'ght fz;ctor DFy.

: . : A ‘ .
In order to ensure that the_calculation of the reflected light

will cénform to a nonuniform time dependent sky luminance some of the

e

used in- the Calculation of the externally and' internally ref]eéted
light are a,sou"rce.of error. when the (time depen,cdent concept is( 1nafro-
duced.. For instérice,ﬂ“ihe J‘Iuminaﬁgcé of a building opposite to thé’;d
window of concesn is commonly, ass;med to q\e 1/10 t\he averade sky lumin-
ance and in the case where the reflectance of the"opposli‘te building is
kngwn, the ca]aﬁa'tion is based on- 111am1'nat1'_on p‘;ovided_ by the.com-

. .
plete half sky facing it. e This is uUnrealistic, since the building con- -

taining the window blocks a portion of the light flux’ to the opposite

~ ‘"building. "t is also comgon to ‘calculate the ground 1gm1na}1cé by

‘ assuming the ground to be an unobstructed surface,-but this is untrue

sinte both buildings obstruct the 1ight flux from the lower portions- of

i
L]

-~
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,the sky to the ground between them. The 1nterna\1}e reﬂected 1ight 1s

usuaHy ~caleulated usmg the theory of the 1ntegrat’ln‘g sphere [121]

In this theory the true shape of the room is 1gnored and the user

’ cannot ,account for the var1at1on in ref’lectance from one internal

,surface to. another, so the value of these ref'lectances are- repr’esented
., ' ’ \u

on]y by the average of the1r actual values. ‘Al S0, "a, s1ng1e tota] day-

11ght tf‘l ux entermg ‘the sphere at the w1ndow surface is ut111zed for

" each wall. This assumptwn is untrue for rea] geometnes since the

.dayhght Flux v,arrles from one 1nterna1 surface to another. \ The B.R.S.'

, ¢
Split F]ux Method [121] is somewhat preferable since the tota1 f]ux

'entermg the sphere. 1s sp'lit into two parts w1th two surface ref1ect-
ances,.one for the average ref]ectance of the upper part and ‘one for

the lower part of the room. The B.R. S split flux method was- orig'in-

ally deve10ped to est1mate the 1nterna11y reflected daylight due to ‘

C.I.E. overcast sky cond1t1ons, but later. Gupta '[65] used it for clear
) sky cond1t1ons w1thout any mod1f1cat1on Krochman [149] also used this

method for clear sky cond1t1ons w1th mod1fied coeff1c1ents to represent

the flux entermg the room. .‘ However, Krochman did not account for

 direct beam ,sunhght or t1me var1at1ons in the ca]culation of the

- Tuminance of external surfaces. His solutions for the sky factor were’

-given, 1'n the form of diagrams, on1y for a fixed solar altitude angle
and for 10 degrees intervals of the altitude and azimuth angles of ' the
visib'le patch of the 15!4'& | -, '

In th1s‘chapter a more precise j:me-dependent day'light model wﬂ’l
.be presented in order to adopt the Daytht Factor . Method -for more

[
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prec15e ca]cu1ations of the annua1 energy needed to supplement the

ava11ab1e day]ight by electric lighting. Our var1ab1e daylight factor

*_ varies with respect to: °
1. window compass ‘orientation
2. ‘tine of day .-
‘l3. time of year | IR o
. 4. Tatitude ang1e e i
5. "window a aspect rae1o ’ |
,'6. . distance of -the reference point from the window
7. window-to-wall area ratio A ' LS
8. heighf oflthe obstruction |
49. hewght of the bu11d1ng conta1n1ng the window
‘\;0. distance between building and obstruction

+ 11, room geometry and he1ght of the reference point,

t

~ 12 *wa11 thickness
\

13. type of g]az1ng -

X 14.' reflection coeff1c1ents of 1nterna1 walls; eiijng;\gtound;

bu1lq1ng, and,obstruct1on.

/

A parametr1c study with reSpect to~the first eight parameters wi11
be presented along with the lum1nance dfstributién of other sky condi-‘

tions (1 e. overcast, and partly cloudly skies). and an experlmentél

verification pf the model. |
j i A

-

. v_..w?t?"
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‘, 3.2 - Development of a Time-Dependent’ Daylight- Factor T T e

4

« * The variab1e daylight factor, DFy has two components, a sky

component SCV, and a reflected component RGV. Both components depend

1arge1y on the.1um1nance distribution of the sky.

. L. LN
/ i N -

3.2.1 The Luminance Distribution of a Clear Cloudless Sky. ¢

L3

A clear c]oudless sky hig a nonuniform‘ and tdme-dependent

1um1nance d15tr1butﬂon The scatter1ng processes wh1ch cduse a certain

1um1nance distr1but1on of the clear b]ue 'sky, were rev1ewed by Kitt]er“

[138] He arr1ved at a formu]a which was later adopted by "the C.1.E,

to describe the 1um1nance of any point in a c1ear sky as a ratio of the" .

. ¥
zenith 1um1nance [137]

| “ Lemug Ly O & N0
~ . / . . PR
where, . : i , , .

~— .
]
i

Juminance of a given element in a clear sky at time t.
. ® - . ' o "

* Lzc = luminance of the zenith &t tine t (cléar'skji

o reTat1onship between the sun, .the sky element and the

zenith with/a clear sky at‘time t.

~

&

" The ?acto%,wxc, is a fhnction of. the angular zenith distance of"

.. the sky -element, d%@, the sun- zenith arigular d1stance, $Z9 and the

angu\ar distance of the sun from the sky “element wge shown in Fig 3.1,

The factor oc is: given by '

. L - (1.0 - &3 5062y (.01 + 10673 Yse + Q.45 cosZu,)
(SR c - - - -

10.27385 (0.91 + 108 se + 0.65 COS%u;) . (3.2)

AN

a factor. represent1ng the geometr1ca1 and 1nten51ty‘, ' -

e
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: These three angles can be calcu1ated from the a1t1tude ang]e of the

element g¢, -the solar altitude, gs;, and the sun-e1ement az1muth )

_difference Yge.,,

C L Ggg = (90 -8 o S
ez = (90 - 8¢) -
and = - T o
g = C05-HCOS g . cog_'méz + SIN Gy . SIN Ggz . COS dge)

¢

For ease oﬁ'computation the 1uminance is calculated at a finite

number of . po1nts each at the centre of a small sky element (Fig 3. 2a).

f'The luminance 15 assumed to be uniform w1th1n each sky element.

N "

The. sky- hemisphere was divided'into 324 elements with 8 latitude

L circles'and‘BS longitude arcs. Thus the solid ang\e subtended by each

o R al

element at the centre of the earth decreases fram horlzon to zen1th

" he’area_ratio of a given‘element A; in the ith ring -above ‘the horizon
AR o 1 hag-

-
o

is - . \
A¢1 [sin (cp1 ¢ 0.5 88) - sin (6; - 0.540)}" (3.3)

2

where. e, is the altitude of the centre of the element and 48 and

'A¢1 denote the angular increments in the altitude and azimuth directions

respect1ve1y AB is _the same for every ring, but 8¢ 4 changes because

. there,,are 36 subd1v1swons around each ring. The ‘tota1 diffuse sky

i1lumination on a horizontal unobs tructed plane, Ep is then:

.9 36 ‘ '
En= ¢ £ LyjAqjsingj (3.4}
i=1 j=1

;where L1J is. the luminance of the element 13

&

4

3.2.2. The Luminance Distribution for Qvércast and Partly Cloudy Skies -

"w The 1luminance distribution for a fully overcast sky is only
A ¢

L R R



v e

. ‘ - ' v IS ’ ’ ' /
dependent upon ‘thé altitude angle of the sky ‘element ee. The C.I.E..

¥ . . ) .
formula describing the Tuminance distribution for an overcast sky -is )

given by [1301: . ' . . .
le =% Lzo cd/m? ' R : . (3.5.a)
or .7 B o o
Le = 2 ao Ento/me, o . - "(3.5.b)
where oq is given by . _ ' S
.‘ ' ’ re . - ] . '
s = (1.0+ 2 sin8g)/3.d -+ -

Ao
» ’

Ep 1s the ﬂ]uminatio.p—on the' horizontal plane from an unobstructed

overcast sky and Lo is the zenith.].umi.na'nce“ of’ the ‘overcast sky. »
. The 1‘%m1nance value of a gwen sky e1ement can not be determ'ined .
S 4 .
unless the luminance of the zemth for the design. §Ry of concern is

‘e
known. For a clear sky, the Timinance of the zen*lth Jch. is dependent

.

upon’ solar altitude ang]e and wﬂ] be discussed in detail in sec. 3.3.

‘For an overcast sky, the ﬁuﬂnnance of -the zenith, Lzo, is commonly

assumed to b& 1ndependent of the solar a]twtude ‘angle, even though
“Hopkinson [121] and the IES [123] have conf1rmed experimentaﬂy that the
r'mumination on, a horizontal plane from -an overcast sky is dependent

upon the solar altitude angle. . .

- X

-In this model, Lzo was assumed to-be dependeq;\ upon the solar
altitude angle. From Egs. (3,5.a) and (3.5.b),°orie can'dequ'ce that the
-luminance of the zenith L5 is related to the illumination or the °

horizontal plane from an unbbstructed overcast sky by '

<

.ok
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~0

9
Lzo =7 = Eh ,

=0.41F ca/md .
where’ Trya;c. introduced to convert gm/me to ncd/mz. This relation is
needed to determine Lzq ~f;fom the avaﬂab1e\relatioﬁ (123] for the
ﬂ]um1na‘t1‘on on the horizontal ~?hne, Ep, from an overcast sky (c.f.

Fig. 3.3)..

A

" The Tuminance" distribuition of ‘a partly' cloudy sky is difficult to
Bre'dict since it is dependent upo[; the height, depth, ﬁo‘sition, and
motion of the clouds. In the 1itera£ure this difficulty is ignored.
For ‘iﬁstané\e, Hopkinson et al. [}21] assumed that “the average‘ 11 Tumin-
ation on a . horizontal unobstructed pl a‘r_le from a partly ¢loudy sky, Ehs
va:ie_d' only with the solar altitude angle (Ep = 538 es).‘ In a similar
study, Lynes [125] used Ep = 570 6s. In both studtes, the aver;':\ge
1"11um1'|'1a ion was assumed‘tc;ﬂ be iﬁdé;;endent of the ‘anfount. a?d pos\itions
‘of the'.cllouds. Lynes, [125],1Yager [214], and Budde [215] have all

<
clear sky.values. . Co-

reported measured intensities under partly ‘cloudy skies which exceed -

"To have a more realistic model here, partly’ cToudy‘(ski,es were
t,reatedl ;diffenen“tly. We .assmné that the clouds lar"e uni formly
_distributed gnd that the ooverag.e of &the sky dome Eanges‘ between the
~ clear sky and the quy\ overcast sky. To account for the "non 1:1nearify
of the 1i1mni}1atfon of parﬂy cloudy skjes as a fupction 6f cloud cover,

a brightness facipf%*; B, that is a function of the cloud coy$ was used.

-
N 4

13.6)
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This_factdr r‘epresenis the‘add:i'dona‘l. brightness caused by the .white
scattered clouds in the sky and their bright edges when the.sun is not
covered. This brightness factor is @me both for clear and for overcast
skies because completely overcast sky is grey and clear sky is cloud-

less.

v L}

The cloud cover for a given design sky 1is representéd by a cloud

coefficient, T s ggual to zero for a clear sky and equal to l.Ofov'an i

[

overcast skz./.Aeco’r’dTﬁ’ély, a partly cloudy sk)( Tuminance distribution

e

- .
can be expressed in terms of the luminance distributions already assumed
for clear and overcast skies plus the cloud coefficient Te. Thus, the

Tuminance of a sky element Lij for a partly cloudy sky becomes

B L(1:T¢) Lij (clear) + 71, Lij (overcast)]

B[(lr'fc) Lz . a(i,j) *TCLZO C‘O(i,j)] (3.7)

Lij

where the brightness factor B is greater than or equal to 1.0.

Muminations measured on the horizontal, under d1fferent part]y
vcloudy sk1es, were compared to 1'Hwn1§\at1ons _calculated using the
distribution given by Eq. (3.7) with B = 1.0 and appropriate val ues for
rc . These calculated 111um1nat1on values were found to be 88-95% of
the measured values when the cloud cover T, ranged between 0.6 and.0.9
but onl}" ‘70-85% when T. ranged between 0.1 and 0.5. The maximum
mea'sured\‘vaﬂues correspoaded to T. between 0.1 and 0.3 and the mininum

« .
» occurred at . = 0.9

As the extra brightness from white clouds is not encountered when
the sky is clear (t, = 0.0) or overcast (. =1.0), the function, to be

chosen for B, should have a value of 1.0 at T¢ = 1.0 and at T¢ = 0.0.

4

o
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Otherwise, B should be greater than 1.0 and its value is governed by the
cloud cover: ITc so that the difference between the calculated i11umin-
ation with B=1.0 and the melas:ured ilTumination is minimal. A goéd fit
to the observations taken_ with fhe shadow band for thr\eé diffgrent days
in February 1980 (on the horizontal plane shown in Fig. 3.4 was found
with . , ~
"B = 1.0+ [b((1-T)M2 sin (180 (1-T))] (3.8
where b is a factor to account for the color and depth of the clouds
(i.e. b ranges from 0.12 for Tlight white é:]ouds, through  0.05 for
average gray clouds, to 0.0 for a fully ov’ercast sky). The value Qf'b
used for the curve shown in fig. 3.4 1‘*'5 0.09. The curve was fitted
above the éxperimentﬂ points to ‘account for the difference caused by

the shadow band ( = 15%).

Under the assumption of a uniform cloud 'co;/er we can ca]@:ulate the
sky illumination on any p]érie by using the prbper view factors and the
visible part of the sky. As an example, we show the>ca1cu1a’ted 111 umin-
ation (with b=0.09) r.ece1'ved on the horizontal and four vertical sur-
faces facing due souvth, egst., west and north in F‘ig. 3.5 for January
st at sol ar nbon. ’The maxima of the curves are not at precisely the
same 1. val ue because of the relation's slight incompatability between

using the C.I.EI clear sky formula', containing a bright aura around the

sun while, assuming the clouds to be uniformly distributed. Td the

accuracy df this model the 15% shift in the curves peaks is not Sigbifp
icant. AT partly ¢loudy skies give mOre_ﬂ'lum'nat'ion than the overcast

sky on QH planes.. Note that the C.I.E. overcast sky isA‘brightest at

— 2

o

Vi
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- the horiéon while the clear sky is brighter at the- horizon than at _the
zenith.only when the sun is low. So, the curves are not symmetric and
‘the ratio of horizontal illumination to say illumination on the east

" wall varies wit\h Tce The effect of the amo;int of Cloud cover on the
illumination reaching ;\;Eference point'2.5 m inside the room is shown -
in fig. 3.6. | Note that there is little difference between the curves ;
for ,norther'ly‘oriented wipdows since the visible patch of sky is far
_away from the brfght aura around the . sun and is near the horiAzon. ‘
However, for a reference point closer to the window. east/west ,vn'ndov;s
give .higﬁer; illumination than ‘anérth window. o -

9

3.2.3. The Var-'labl_e Sky Component SCy: o S

3

The variable sky component, SC,, is the produc;t of the glass
‘ transittiftance factor times the variable éky .'factor:, SFy. "'fg find SFy,
we need only to project the 1um.1nance .of fhe appropriate patéh of the
sky on to the horizontal working( plane. The patch of ’fhe.sky ,thaf gives
1ight at a _reference point p, through the window aperture, depends on
the 'window azimuth ‘angle, window size an;i gednetry, and'the relative .
posit1onv of p with respect to the ‘winfiow. The reference p.oint was
as\sumed to 1ie on the perpendicular bisector of the wi‘ndow‘ s1’11/ in, the
horizontal ptane through the sill. The relevant patch of the sky can be
expre;sed in terms of an altitude range (describ‘ed by the Jowest
altitude, og, and .the highest altitude, -gp which contribute Tight at p)
and an azimuth }'ange (déscribed by the azimuth angle of elements at the 4

extreme right-hand - side. of the window, ¢ », and the azimuth angle of .

)



_ elements at the extreme 'Ieft-hand’side of the window, #g): Angles 8g,

Oh, ¢p, and ¢, are shown in Fig. 3.7 and are expressed by: 4

]

. - 8g = tan-l (Ho/(d1+dp))
ak¥titude range .

Oh tan-l (Hy/dp)

Vot dp = ¢, + tan-l (W,/2d))
\ L . -
azimuth range - . | (3.10)

:where Pic' is the height of the opposite building (the obstriction
surface) above the horizontal plane of p. H, and W, are the heigh'g an’c'i/
w*ici'th of, the v:n:dow respectively. dj and dp are the distances fr-un the
vn"ndow to point p and to the c;ppo,site building 'respectfvely.' ¢y 1s the

.. window azimuth angle. In the case of an unobstructed window, Gg

corresponds to ttje horizon (eg = 0}s . o

The visible patch of the‘ sky _(def_inéd by angles 84, © hs - Op, and. .
"¢2\ contains a number,'of fuﬁy visible elements at 'the,pa:cch core and
partly visible el em'ents' at the patch boundary. The par.tly' visible sky
el ements/l( at the boundarﬁ appear'onl'y_if ‘the w\indow outline does not
coincide with the assumed grid of.the sky (48 = A¢d = 16‘) at one or
. mor;e of the 4 sicies of the window out'line.. The luminance ‘of each fully
Visible element is evaluated at its centre. The centre point of a
’partly vis"1b1e e]efnent may 1ie outside the sky patch. Therefore, a
seconda‘ry ‘gridl was used wvixth each boundary element to’ subdivide it
equaﬂly into 106 subelements (Fig. 3.2b). The 1luminance at the

9
boundary was calculated at the centre of each visible sube) ement.
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From 99’1, the lowest visible sky rirzg,t ié can be determine (ig ='1
if 0% <8g <10°, ig =2 if 10° < 83 < 20°, étc..). . In a similar’
fashjon, the highésf visible sky ring ip, and ’the extreme visible
subdivisions within each t;ing at the left hand side 3, and’ the right.

“hand side J, can be determirfed from angles 6y, ¢£, and ¢, respectively.

In the case where the patch of the sky of concern contains only °

<

fully visible sky elements, fl lumination at the reference poi'nt, Ep

with no glazing can be expressed as a
i J _ L
Ep =lz_h0 -z_:.r Lij Ail S1n e-i ( (3"11)
i=ig j=%

where 94 is the alti tude angle of the sky element centre. In the case.

where the patch of thw{r\lﬁ’uﬂy visible sky elements at the
core as well as part isTble .sky elements at the .four sides of the

-

window outline, Ep is expressed as

Ep = Ep(CORE)'+ Ep (4 side strips) (3.12)

and i )
) ') ;h o ogr ] o C
Ep(Cqre) = i=igh =44 #j Aj sin i\ .
Jooom
Ep(lower strip) =J'Ej2,‘ k)=:1 Lijk Ajk- sin B4y, i= g
jr m .
Eplupper strip) = I~ 1 Ljijk Ajk sin 8k, i= 1y
=3, k=1
" : They m . .
Ep(left strip) = 151‘g+] kzl Lijk Ak sin 84k, =3,
( ) ;hq ol in © j
Ey(right strip) = «ZLiqk Aqg sin = j
pIrTIZ i {=ig+1 k=1 ik Pk s r

where K is a variable, representing’the number of" visibl'e subelements

within thle boundary sky element of concern, The order 07 summation of -
. | R ,
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k is from the subelement at the 1ower ]eft-s1de corner to the °

sﬁbelement at the upper right-side corner of the visible portion of the"

boundary sky element. Ajx is. the area of the subelement k in the ith

ring and equals 0.01 Ay. i’he variable sky factor at ‘time t becomes

SFy =%5hl x 100 % | ' (3.13)

A block d1agram showing the calculation sequence of the variable sky -

factor s shown 1n Fig. 3. 8

»
v

. 3.2.4 The Variable Reflected Compopent, RCy

The variable reflected component is the -ratio expressed as a-

percentage, . between the summation of all reflected Tight, that is

L Y L]

received at the reference p<_>1‘nt from both external and internal syr-<-

faces and the simul.tan.eous -diffx;se sky ﬂ,lumination‘. received on a |

horizontal plane from an unobstructed sky. Therefore, the luminance of

c ] T
all con‘tributing externa] ‘and internal surfaces and the solid angles

subtended by these surfaces mist first be determ'med. Alb10t':k (ﬁagram '

illustrating the calculatwn sequence of the RCy is shbwn in Fig. 3.9.

v

i) Luminance of External Surfaces:

The luminance was .calculated for three external surfaces; the

1

building surface containing the window; t'he external obstructionF sur-
‘face facing the building surface; and the ground betw;ea:the.buﬂdings.
Both building surfaces were assumed to be vert1éa1 paraHel- and
infinite in 1ength for ease of calcuhﬁon since portions far from the

window contribute negl igible -intens i ty. N

]

L
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Both, the' obstruction 'surface. and - the ground ,surfece affect the
daylight Tevel 1nside the” room d1rect1y The bui'ld.ing surface
influences the day] ight 1eve1 inside the room 1nd1‘rect1y through two

4 - d " A . . .
emechanisms" F1rst1y, it may prevent direct beam sunlight and part of K

the sky ]1ght from reaching the ground and the obstructmn surface. .' R
- 2 \ “
. - Second'ly, it ref‘lects hght towards the ground surface and the obstruc-. i
R <.
tion surface which is re-dinected to the window. - ( ) ! ° '
\ - . - ¢ - . R .o® w\ - o - ' ’\; . \

The total. 1um1'nanc3’ of "any of the, three surface\is the sum of
three component’s, 1um1nance due to 1nc1dent d1rect beem Tight, Lsun,l 5«
Tuminance due to diffuse skﬂ"l‘ght ‘-skya and 1um1nance dle, to reﬂected ,

]
Tight from the other two external surfaces, Lr-ef The 1 mxnanceldue to -

. direct beam tht suns s expressed by o T ' }' ' 1
. N =N . N {
Lsun = o] I T] . ‘ . ’ (3-14)
~g- "where o is the average diffuse reflectance of _the’ external surface .

Y
(assumed to be. 1ndependent of the"directions of the’ 1nc'1dent radiation)

S g #

,I‘is the 1‘nc1’dent beam=radiation -upf)n‘ the surface and 1‘s given by Eq ’ .
[ ! - ‘ \ \
' (2.14), and ngyny s -the annual average Tuminous eff1c1ency of beam

radiation with a/va1 ue recomnended by Ho@unson of 100 1umen ,per watt ) S,
[121] . . . , ‘ . . v . 1 | o .

L3
3

The Lumi-nanc%due to diffuse . skyhght Lsky, depends . on the
]ummous ﬂux, Y from the v1s1b1e patch of the sfty to whichf the surfﬁce‘ S

"4s ‘exposed (ewressed as_a ratio of _the zenith Puminance Lz),: and the ' ’
| average diffuse surﬁace reflectance P. Thusl Lsky is expressed as" .
- - s . » “ . ¢ In
‘6 v 4 . t L]
v . A
. - /" . 3
R " DT Al :




where

Y

'
v

oo
R - ~ =114
- : A -
.\' q
Lsky = pLz Y - - (3.15)
where Y for the building surface is given by > X )
9 SW¥I17 ( )
Y= I L L.. A, COS 6, COS (¢, - ¢
1'=r1 Je=s1 W T b7
and for the oop051 ilding, Y is equa] to
§ s2+17 .
Yy =71 L7 Ly Ay €05 6 C0S (¢‘-Q¢J)
j=rg J=52 )
and for the ground between -them, Y becomes ' ’ { C
9 SH17 9 S2417 .
Y= &% T L..-A, SINB, +.2 "z L-..’. SIN 0. s
sryidssy, ] C=rg J=s2 VT L

rl*q The lowest, sky riny seen abovg. the obstruqﬁ1on surface
A

-~

; -l . from a given point on the bu11ding surface. | .o
r2 = The lowest sky /?1ng seen above the bu11ding surface
from a given po1nt on the OprjJte building surface
r3 = The dowest sky r1ng seen above the obstruction surface
' from a given point on the ground , NS
.: r4d = The lowest ring ‘seen above the building surface from a
‘ given point on the ground . ’
S1 = The fiest vﬁs1b1e subdivision on the right hand side of
the huﬂlding Surface
+ The first v1sib1e subd1vs11on on the 1eft-hané\51de of

S2

the obstruct1on surface.

¢b Qo \ = The azimuth angle of the build\hg surface ‘and the

\\obstruct1on surface respectively. . . o
. .
\ "u -~ -

ted bu11d1ngs, rl' and r3 correspond to the first ring
above the hori;on - A o . s

- ~

' For undbstr

o~
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Hav1ng determined the luminance due to supbéam 1ight and diffuse

"

-sky light for each of the three externa1 surfaces of concern, the _ :

v

lTuminance due to the doub]y reflected light can be evaluated. Since C i

+ none of these surfgces has a high reflectivity, and the reflected light .
» 1s generally”a small percentage of .the to%al, triple reflections were |

» ,\ignored. Thus, the Tuminance due to reflection at a given point on an

«

. 2
ref P00 Tkt

whege, ‘

: Fx = view factor of"surface K from a given point .on ‘the:

external surface from~the other two surfaces can be expresq&d\ﬁp —
L (3.16)

surface of .concern (the ca]cu]at1on procedure 1s g1ven

in Appendfx A.

Having determined Lgyn, Lsky, and Lyef at severalhpoints on. each ,
external surface, ‘the average tota],]uminance of each surface can be
'ebtained. _In the present model, tota] Tuminance was evé]uated at the
centre of the upper, 1ntermed1ate, and lower thirds of each surface.

‘As,an‘example! the Tuminance of the ground\and the obstruction surface

“for June 215t at solar noon and their variation with the building

azimuth angle are shown in Fig. 3.10. ° . .

_¥i) Luminance of Internal Surfaces .
Multiple reflections inside the room were 1§nored in this model so
no ca1cu1at10n' of 1um1nence is required for two of the -interna1 -

~» surfaces. The first is the wq11‘surface containing the window which is

neither exposed to sky nor any of the external surfaces. - The secpnd.is: ‘
’ - ] - :
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the floor ~which reflects 1ight only to the underside of the working

L

pléne The other four dinternal surfaces; ce111ng, backwall, and both

side wa]]s, a11 coutr1bute to the 111um1nat1on received at a given

-

refecence point on: the working plane. ™ .

fThe Tuminance df a point on an internal surface is dependent upoﬁ
three factors;.first1y the solid angles subtended by the exterﬁa] sur-
faces and by ?he patch of sky illuminating the internal point, second-
1y, the luminance of the subtended éxteéhgi surfaces, -and thirdly the

internal surface reflectance. Since the firsU/facton\certainly varies

from one point to another on the internal serace and the second and
N

‘ third factors may also vary, the 1um1nande of an internal surface

shou]d be calculated at several po1nts and averaged whenever a single

luminance value’ is required.

3
!

‘The iuminance of an internal surface, at 3 given point; due to
diffuse skylight can be expressed as: A
where ;

p = ref]ecténce of the internal surface of concern

 Tg = average -glass tr&nsmittance

-
N
[

tuminance of the sky zenith : {

total diffuse sky 11lumination, ekpressed as a ratio Yo

m
o
[}]

the luminance of the sky =zenith, reaching a given.
reference point on' the vertical internal. surface of

concern, and is calculated using Eq. 3.12.



, ’ N

The luniinang:e of an internal surface, at a given reference poi\nt, due

to reflected light from the obstructioﬁ surface agd the ground” is

-

expressed by

where F is the view factor of the visible par"t of the external surface
and it is calculated as shown in Appendix A. L .is the Tuminance of “the

external surface of concern. ’Subscripts o and g denote the obstruction

surface and the ground respectively. . e

N 7

t . ]

Thus, the luminance of an -internal isﬁrface is the sum of the .~

Y .

luminances due to skylight and light reflected- from external surfaces.

" The vertical walls and.ceiling suffac_es were each divided into three

~

equal strips. The luminance of each strip"__yas: evaluated at its

centre.  The -Tuminance of each 1internal surface was taken as the

average value of three luminances. ' R

!

After the luminance of the external and internal "surfaces ' have

been calculated, thé variable reflected co}nponent of the daylight

\

factor. RCy can be evaluated at the room reference point

RCy = (.z';‘ Li F5) /.Ep y . (3.19)
N 1= .

R | v
. - .

where mis the total number of external and internal qbntr‘ibuting '

surfaces. Li and F; are the luminance and the .view factor of the

- contributing surface i respeciivew.

Lref = 07g [Fo Lo * Fg Lgl \ ; ((3.18)

‘Sun_m'ng the variable sky component and .the variable reflected -

component given by Eq. 3.8 and 3.14 respectively y’ields the variable

I

daylight factor

-

i s i

—— -

K e € m s savarra At N e o Y s b
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DFy = SCy +'RCy © % ' - (3.20) -

The- daylight factor can now: be calcu}ated .each hour to match the hour'ly

ca]c(ﬂations of, heat Tosses ;md gains in buﬂdings

3.3 Examination of the Time Dependence of "the Dayﬁght Model :

4

The daylight model was sub,)ected to two tests In the f1rst test

the agreement between our results and those obtained in a similar -

. previous study was tested. In ;"addltlon, the symmetry of the results

oﬁtained from the dayliggt model was checked -against ‘the solar motion
with respect to both the'time of day \fror‘n solarnnoon and the time“of
year from the winter solstice. In the second test, the results

generated by the model were compared. to our experimental measurements.

[

; 3.3.1 Comparison Against the Results of a Previous Study

The effect of the solar altitude angle on the illumination rati’os )

for. the horiionta] 'surface and the four vertical surfaées, heving 0°,

90", 180°, and 270° azimuth angle differences with the sun, was examin-

.ed for solar al,t‘itude angles ranging from 0~° to 60°. The calculated

i1lumination ratios every 5° increment in the solar altitude were com-

pared to similar calculations made by Krochman [149]. The illumination

“ratios calculated from our dayHth model were so close to those.of

Krochynanh that no difference was seen on the scale of Fig. 3.11.

The symmetry of the calculation was checked By ca]cﬂatfng the

illumination on vertical surfacds at equal time intervals before and '

after solar noon. ‘The annual symnetry. with respect to winter SOW

7

-~
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.was also examined by comparing the -il1lumination on various’surfaces for

36 consecut1ve 5- day 1ntervals both before and after winter solstice.

No discrepancies were fouhd (Fig. 3.24). . )

t
7

3.3.2. Comparison with Experimental Measurements .

1

The illumination calculated with.theévariable daylight model wasw

compared to éhe ilMumination derived fram the radiatien measurements.

The main advantage of der1v1ng 111um1nat1on from radiation measurements

“in this model is to allow the model to be useful in the absence of ill-

<
um1nat1on data. In Canada, illumination is measured only in Toronto,

and only few stations measure it in the United States. On the con-

. trary, radiatfon measurements are recorded in almost all weather

.

stations.

Durihg the period from January t%'Apr11 1980, total and diffuse
solar radiation (with shadmw'band) were measured on clear cloudless-
days {géﬂgntreai (latitude 45.3°N). Dodge products solar sensors (;ype
§S-100) were used to measure radiation on the horizontal surface, the
vehtica1 surface containing the window, and the internal surface of the
window. The measurements were recorded every 3 seconds on 11.2 cm wide
carbon 10aded paper using Rustrack Model recorder The measuring site

on the roof of the Centre for Building StuQ1es was part]y'obstrUCted by

éurrounding buildings, so measurements taken early in the morning and

late in the afternoon were exe]uded,from the comparison.

’

The i1tumination- calculated with the variable day]ight model was
compared to the 111um1nat10n derived from the radiation measurements

for the‘horizontal and two vertical surfaces facing due west and due

. north.




i oz o B

use, of the luminosity function

- |20 -

Radiation measurements on a surface indicate the amount of the

1ncident radiative energy. I1lumination however, represents the,

Tuminous effect caused by this energy as sénsed by the human eye. The

'sensit1V1ty of the human eye at any g1ven wavelength is always

expressed as a ratio of the max1mmm Tuminous efficiency, which is taken

/
as 680 Tumens per watt at .555 um [123]. This ratio is called "the

“relative luminosity factor". The response of the ﬁuwan eye to ,iae

radiation at each wavelength is described by the luminosity function.

¢« The illumination, E, is derived fram'radiatipn distribution Ry by the

-~

e

Thg\maXimum'spectral uminous efficiency. (1m/watt)’

=
=
[

R, = The monochromati& radiant energy flux 1in the wave
length interval d A at wavelength A (watts)

* f, = Relative luminosity factor at wavelength X

——

b!sr and uﬁﬁe;»wayelength limits of the visible spectrum.

>
f

>
o
|

For/ wavelength insensitive detectors, good approximation to the

- ilTumination, E, can be derived from the radiation measurements by

us{ng a meda_value for the luminous efficiency of the source (i.e. E =

Km (R)aye (A2 = A1)). Natural sources of illumination such as Eky and

sun,'sth little variation in.spectral energy distribution. The.va1ue§
&sed to represent the mean 1uminous ef%iciencies for ;He direct beam
radiation, élear sky diffuse radiation, and the g}obal radiation .were
100,150, and 115 Tumens per yatt fespectively [121].

[

E = Kp j R, f, d\. Tumens S 3y
xl . ) N - ' R



In the pregent study, silicon solar detectors were used” for
radiation measurements. I1lumination was derived from the measured

radiation. In a silicon photocell, only radiation with wavelengths

less than 1.12 u m can generate a photovolatic current. Thus, to .

account }or the whole solar radiation spectrum, the actual spectral
~ response of a silicon photocell 1s'ampiifie¢ and corrected. 'In/Fig.
3.12, the Spéctrwn of the‘luminous response of the Human eye (curve c)
is shown in relation to a black body equivalent to the spectrum of the
.beép radiation (curve A), and both the actual and amplified spectral
| responses of a silicon photocell (curves B and b respectively). Curve

B is adopted from a study by Wolf {210]. The product of curve A (solar

b]aék body‘source) and curve B (émplified silicon photocell) is nearly’

Y

flat over the region where curve ¢ (eye response) is non zerp.

Thus, we need only scale the detected signal with'the'integrated

relative Tuminosity factor to obtain the iiTumination, E. In order to

compare the experimentai measurements. with the results genérated by the

model, the radiation measurements were expressed as a ratio of the
zenith luminance. For clear skies, the luminance of the zenith has
been'fnve§tigated, in chronological order, by Drono, Dognjaﬁx, Boldyrev
and Fesenkova as reported in Ref. [138]. The curves they obtained for
the zenitﬁ Tuminance as a function of the solar altitude .are shown in

Fig. 3.13. During the present study, a test for the zenith luminance

was conducted in order to setect the most suitable curve of the four

which would best fit the sky conditions in Montreal. Fesgnkova's

curve, shown in full line in Fig. 3.13, was found to be the ¢losest to

our clear sky zenith 1pm1nance measurement for a single day (April 27,'
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1980). A Hagner Uniizzjfi photometer was used for measurements. This
of;

/s

fvwew of 1.94 x 10-4 steradians (contained in

} °

instrument has a fie¥

a circle whose diameter subtends 1° ) and its accuracy is + 5% The

*Fesenkova $ curve

Lzc = 55.943 es+164 cd/me. . - (3.22)

» was used in the calculation of the zenith 1uminanc§.

Knowing the mean }uminous efficiency of the diffuse sky 111um}n-
ation and the zenith luminance, radiation measurements on an unobstruc-
ted surface can be used to obtain the diffuse sky illumination on a

“©
horizontal plane as a ratio of the zenith luminance, Egyy.

Esky(horiz.} = Isky Nsky / Lz (Lux/(cd/m2)) ' (3.23)
where - N
Isky = Measured intgns%?y of sky diffuse radiation on the
surface. (W/md). , |
ngky = Mean Tuminous efficiency of the sky diffuse (im/w)

Ly = Lum1nance of the zenith (cd/m2),
"To measure the diffuse sky radiation, Isky: on the horizontal, a»shadow
band consisting,of a sem1c1rcu1ar strip, adjustable §bout horizontaland
vertical axes was placed' over the radiation sensor to obstruct the
direct beam radiation.. The shadow band is 40 mm Qide with a radius of
200 mm in order to .block off the 25 mm wide sensor. In its short
" dimension, the shadow band subtended an angie of 11.3° at the centre of
,the‘sensor. For’tﬁe ijrst 4 monthg of the year, the illumination
derived - from ‘the"meésurements on the horjzontal surface using Eq.

(3.23) was plotted against the il]wnination.obtaingd from the clear sky

RN
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mode] at tu% hours‘from sglar noon (Fig. 3.14), at one hout:frum solar,
~noon (Fig. 3.15), and at solar noon (Fig. 3.16). In. these three
figures, {¥ is evident that the‘model represents the hourly and seasoﬁ-
al variations in the i]1umipation satisfactorily. The experimental
m;asurements were a]wajs be]o;\ghe illumination values predicted by the
#ode]. Two effects are likely %o account for this discrepanéyé First,
the shadow band obstructs a portion of the bright aura aroundithe sun.
Second, the bright portion of the sky, ﬁear the horizon, is obstructed
by remote buildingsxf |

Unlike 1illumination on the horizontal, illumination on vertical
surfaces is significantly affected by refaections from the roqf and
surrduhding buildings. Thekefore, illumination due to reflection must
be subtracted from the total diffuse radiation measured on vertical
surfaces in order to evaluate the sky i]]umjnation. Accordingly, the
diffuse sky il]uminatioﬁ on.a verticgl surface, Esky’ is expressed by

Eskylvert.) = Ey - (Eg+Ey) Tux/(cd/m2) \ (3.28)

Iy Iy - (Ng Pg Fg Ig + Ny Py Fy Io)I/Lg

»

where -
E,, = total diffuse iliumination on the vertical surface
as a ratio of the zenith Tuminance (lux/(cd/m?)).

“Eg,Ed = reflected illumination on the vertical surface, as a
J ratio of the zenith luminance, from ground and tﬁe

opposite buildings rrespectively (lux/(cd/m)).

v =




SREE — | - :

‘ny,ng,no = luminous efficiency of the incident radfation on the ~ =~ .
sur"'faciey of concern, on ground and, ..on opposite
surface respectively, {lumens/watt).
Iv' = Total diffuse radiation measured on the vertical: 4 '

.surface (w/m2).

Ig,I{,=g1oba1 radiatign on theagroqnd and opposite

o

- buildings respectiv

Py

- pg",poﬁ= average jreﬂectance of groynd and oapposivte buildings
\ respectively. ' \
Fg:Fo = view factors of ground and op‘posite
viewed fron; the \measﬁring point on the ver ‘
surface. (See Appendix . A for the calculation

procedure) .

. For the first 4 months of the year, clear sky diffuse i1lumination
derived from the radiation measurements were com‘pared to the illuminat- ¢
_1on calculated by the rﬁode]lfor a. ve'rt:ica1 surface facing due west
(Figs. 3.17, ’3.18, and 3.19) and for a ve;‘tical, surface facing due
north (Figs. 3.20, 3.21, and 3.22). For both vertical surfaces, gt;od
agreement was found, between the illumination d'eriv.ed from the radiation

_measurements and the~illumination calculated by the model.

The hourly var’iaf,ions are 'well represented by: the mode™ No dis- ‘ '
crepancy with the seasonal variation was found, but more experimental

_poir'\ts will be required to verify this aspect of the model completely.

/
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< | * 3.4 -Yariation of the Daylight Factor with Varioﬁs Parameters

The variability of thé daylight factor is due to the direct (sky)

component of daylight and to the indirect (reflected) component of

. '[;o further emﬁhasize “the inappropriateness of the original
(singde- valued) daylight factor the variation/ of the sky and reflect- ’
ed components of daylight, with eight particular \parameters, was cal-
cu1atgd. The first four parameters; compass orierﬂtation, time of day,
tfm; of year, and the latitude angle govern|the relative position of °

%he sun with respect #to the window and consequently the luminance of

/ ,
/Tj visible patch of the sky. The last fqur parameters define the
geometrical configuration of the window with respect] to the reference

‘point and consequently control the size of the visible patch of the sky .

d the external obstructipn surface.

3.4.1 VYariation of the Sy

\

\
The variation of the sky component will be examined in terms of

-

the variable sky factor SFy.

Parameter i: Combass Orientq,ﬁion of the Surface
\

I1lumination varies considerably with surface compass orientation.
It is clear that a verticﬂ surface having the \sar;1e azimuth angle as
}:he sun (¢, = ¢g), shown in Fig. 3.23, has the| highest illumination
ratiolas long as the solar altitude angle, 6¢ is_ less than 45° /(the

entire winter season and summer mornings and af ernoons). For solar

e
e

. " altitudes greater /than 45°, the horizontal surface has the highest
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i1lumination tatio. The f1(9’ure dlsa shows that a vert1cal surface
facing away from the sun (4 = ¢5 + 180°) will a1ways h{ve the Teast

ination ratio regard'less of the solar altitude angle. Due to the

. T . —
importance of-this parameter, the effect of window or wall surface

azimuth. angle will bemth\twg&p_f“the following para-

'3

meters.

Parameter ii: The Time of Day

3

Due to symmetry with respect to solar noon, oh]y hal f .of the da&

. need be, examined. For January 215%, hourly curves of .SF, as a function

yof window azimuth angle were calculated (c.f. Fig. 3.23). As expected,

maximum SFy occurs when the solar azimuth is on the perpendiculdr to

the window and- minimum when it is in. the plane ‘of the window. The '

. change in the ﬂlumihation ratio from one hour to the next is large if

the window faces the brighter half of the sky. (270° to 90°).
. [MMumination on a north window is relatively constant through the day.

Prev1ous]y, it was’ believed that due north windows receive the least

ﬂ]uminahon at all times.'

*

Parameter iii : The Time of Year ‘ ;

2

The annual variation of i]]uminat'lon 1s symetrical with respect

to the solstices. The noon illumination on the.horizontal and vertical
‘ n

surfaces, as, a ratio of the zenith Iumjnanﬂce, versus days from winter

solstice is shown in Fig. (3.24). Ita can be seen’ that the maximum

yearly illumination ratio for él‘l 5 surfaces occurs on t_:he winter

solstice (December 215t), and the minimum on the summer sol stice (June

21st. This is due to the fact that the zenith luminance is maximum on

R}

L]

<
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the summer so_létice where the solar altitude of. the sun is at'its peak.
A From September 21st to March 21st, a south vertica] suFface receives
: '+ the maximum "i11umination ratio while a hor1zonta1 sdrface receives. the

@

‘ ,max1mu:§> 111ummat10n rat1o from March 218t to September 2153 the

‘- |var4at1on of the poon SFV w1th wmdow ¥z imuth ang]e at the beg1nn1ng of

e

iohs with the azimuth angle occur in the winter when 'the sun is low and

the minfmum in the summer when the sun is high. ] S

$ )
RN » -

P . .,
Parameter’ iv: Latitude T .

v ' ¥

calculated :at thel begiinning. of each “seeeon of~the year :as shewn in

. © Figs. .(3.26) and. (3.27). Except’ for the tropics in the summer, the -

o t ' . ’
b\ - lower the latitude the lower the illumination ratio. On June 215€, the

. .. sun is ‘to the north. of tatitude 231@"/}1,\50_\501\17}1 facing surfaces
B ”~ ’ v = N °

receive the least illumination tn the tropics. The abse@lute minimum

"411umination ratio, on June 21st, corresponded to latitude 2j3.~45,°N‘ As

"shown in Fig. (3.28) for January 215t, at solar noon, the variation of.

\
th"g&‘ 2jé\rlab‘le sky factor with respect to the window az1muth angle

. decreases as the latitude angle decrease ]
. Parameter v: Window Aspect Ratio Lo g
‘ ‘ ' V‘ The m’ndow espect ratio (width to height. ratio) is one of the '

parameters that defines th?patoh of the sky to which the referénce
,' ' . point will be exposed. Thus windows having the same area are expected
3 to haVe different, SFy (at the same d1stan}e from window), as long as

L ‘they have d'ifferent window aspect rat1os. Three. windows having the

. r -
t:g L a -
4 . . . [y
. . .

v . - -
‘.
Lo 1 . , : W . . -
P d (AN :

eacht season «of the year is shown in Fig. (3.25). The maximum variat-

I11umination ratios for latitudes 'ranging “from 0.0°N to 60°N were
N o o .

~.a .
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" aspect ratios. At solar noon, the steépest SFy gradient occurs for due

- T8 - | \

- L
° [

s * '\( L - -
same area (3.00 m?) bt each with a different aspect ratio (.333, 1.0,

\or 3.0) _were“chc;sen for gomparison.' On Jénuary 215t the short \;ﬁde
window (Fig. 3.29 provided sl’ightly' higher SFy than the square window’
(Fig. 3.30) at 1.0 m from the window and slightly lower SF, 4t the
:deeber positions. Except for the deepest\ position, the tall narrow «?

b

window (Fig. 3.31) provided lower SFy values than the square window.

. Since the comparison was made on January 215t  the difference in SFy

i .
between the tall parrow window and” the square window is not very large
because the brightest part of the sky (the aura around the sun) is low

A

‘in‘winter. and. visible’at the back of the room for both shapes. NN

b
-,

Parameter .vi:- Di-stanc\e of the R;f“*érenﬂce Point from Window

The _variable sky facfor decreases as the distance bof the reference
point from the wihdow ‘inceeases regardless of the window‘aspgct_ ratio
and the window azimuth ‘angle. ;{owever, the ‘rate of d}ecreasé of SFV-“
with dfstance from window depends both on tﬁe window aspe;:t rétio and

the ‘'window azimuth angle as shown in Fig. 3.32. Eight main window

. Jzimuth angles were examined for each of the three different window

LY .

12

south windows. At o,i:her tinies, they will occur for windows with the

sime azimuth angle as the sun. | N .

Parameter vii: Window-to-Wall Area Ratio (WAR')‘

For a square windov:, the effect bf the window-to-wall -area }ati_o

on the HOO;I SFVHat the beginning of the wint'er, spri.nug/f‘aﬂ, and \s,umner,: )

"is shown in Figs. (3;33), (3.34), and (3.35) respectively. Throughout **

v .
the year, WWAR has a significant effect on the SFy for southerly

*
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" orfented windows, and a moderate, relatively constant, effect on the

. ¥

northerly oriented win\dows. On the winter solstice, the éun relatively
‘{is low and the WWAR has a signifiéant effect on;.SFv oflthe' "sou'g‘heﬂy
oriented windows; while at the summer solstice, wjth a high sun this
effect is re:d.gc'ed. These reéults are s’umnerized‘ for the eight major

-

compass’ directions in Fig. ('3.36).

" 3.4.2 Yartation of the Reflected Couponent RCy

«The obJectwe of this section is to 1nvest1gate under‘ﬁ c]ear

sky,- the dynami¢, nature of the variable reﬂected componern/ RCy, at -

different \times of day, times of year, 1at1tude angles, window orienta-
t1ons, w1ndow-to waH area ratios, an&the he1ght of the obstructmg
surface.- ~0n1y one parameter was varied at a time. The remamder of
the parameters IW’ere kept constant with values shown in Table 3.1.
N ‘Chu's‘, the sensitivity -of ‘the\ variabié 'l,reﬂe;cteq ~compor_l'enﬁ and con-

sequently the van’ab]e dayl igﬁt factor to the variation in each-para-

metér can be exammed In’ the case of a fu]]y .obstructed wu@ow- ‘the,

reﬂectéd light at Ethe reference point is the only source of natura1
dayhght; (i.e. the variable daylight factor DFy, % the variable

_reflected component RCy).

.
Obvmus'ly, 1f the reﬂected component, is 1gnored, one cannot hope

for a-realistic ‘estimate for eithér the daprht factor or . the

,electricity savings. R | .

- N

‘Due to its importance, the effect of the window azimuth angle will

.

- Parameter 1: Compass Orientation
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. i Assumed
Parameter - value
-1 T .
Sky condition ) ) 7c1§%r

Day of the year

Hour of the day

Latitude of Tocation

Building height

| Obstruction Height

Bui]ding-obstruct1on surface—to-surface distance
Room height

Room width

Room depth

Height of working plane and w1ndow sill from ground
Window height »

window width

Window position in panel

Distance of reference point from s1de wall ‘
External wall thickness . - ] : k
Glass Transmittance

Réf]ection of building surface
Reflection of obstruction surface
Reflection of ground
Reflection of side walls
Reflegtion of back wall . :
Reflection of cieling - - .

1

/

Distance of reference point from window .

June, 21
Noon
45°

2.0m
centered
2.0m

2.0m

.15m

.85

.30 o
.30
¥
.60
.60

.60

&

TABLE 3.1:
parameters

Assumed constant values. for the remainder of the
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be examined simu1tanéously -with the following parameters.

¢

Parameters ii and iii: Time of Day and Time of Year

The vér;iab‘]e reflected componeht of a fully obstructed window (SCy ,
= 0.0), was calculated every hour during the fi;*st ha]f of ‘the 21st day
of Jun’é as a function of the wiqdow azimuth angle ¢,. The results are i
shown 1in Fig. 3.?7. - For .a fully obstructed window, the variable
reflected component is greatly influenced by the luminance o'f ‘the
obstruction ‘surface which changes with the time of day (i.e. solar
position). The obstruction surface was moved with thé window azimuth,

so it was always paré'ﬂe1 to the window surface.

The variation of RC, with window azimuth angle increases as the
time difference from solar noon increases. At each hour, the maximum
value of RCy occurs"for an obstruction surface perpendicular to the

sun's azimuth at that hour. Thus, the maximum at solar noon occurs for
3 :

~

a window facing due no'rth and at five hours before noor by a window
facing due west as shown in Fig. 3.37. When .the varijation of the
-ot;s"t;'uction surface luminance shown in Fig. 3.38 1;5 compared to the .
variation of the variable reflected component shown in Fig. 3.39, it is
evident: that the obstruction surface luminance is Ithe major 1nﬁ uence

on the variable reflected componént.

An example of the var:lation o_f‘ithe noon time variable reflected
component with, the time of the y)ear is shown in Fig. 3.40. The var:ia—
tion with‘the \time of"year’is a156 depe‘ndent on ‘the solar aT’titude‘
angle. Or; the winter. solstice, the <dlar 'altilzuc'ia angle isl af 1ts\

Jowest noon val ue, so RCy ‘1s maximum for south facing obstruction and

.
¢ N
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" minimum for north facing obstruction.

Parameter iv: Latitude

At the beginning of each season,ﬁ RCy was examined at solar noon

‘fo‘r latitude angles ranging from 0° to 60°N. Fig. 3.41 shows the

variation of noon RCy with latitude angle on December 215t.  For
obstructions'fating éouth, the value of RCy increases with latitude and

decreasing solar altitude unt1’~1 shading by the building containing® the

lwindow sets in at 40°N latitude. For windows due east, due west, and

with southerly or‘ientatiohs, RCy decreases asrgthei latitude ang1e'

increases. For these window orientations, the obstruction surface is

in shade at solér nodon and illuminated only by sky diffuse and ground'

reflected radiation. 'The latitude at which a sudden drop in the RCy

value occurs (i.e. nor;herly.windows at noon) depends on the . solar

"

altitude and the heights of buildings.

The variation of RCy with latitude angle at solar noon on March

‘215t (September 215t will be the same) ‘is shown in Fig. 3.42. The

solar altitude angle is large enough so that no shading of southerly

oriented obstructions occurs at any of the latitudes examined, Thus,

no sudden drop appeared. Again, the RCy at solar noon increases with

~decreasing solar el evation for the northerly oriented windows while it

decreases for the other window orientations. At noon, on the
equinoxes, the sun is directly over‘head at the equator, so all vertical
surfaces are equally flluminated. A similar situation occurs at noon
on the summer solstice oyer the tropic of cancer (c.:f. Fig.. 3.43).‘ For

latitudes greater than 23.45°N, the trend of noon RCy with Tatitude is

mete
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3
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smﬂar to that for the other th?ee seasons For ‘latdtudes less than
23.45° N the trend . 1s reversed because the sun pos1t10n is to the north
at solar noon.
Parameter v: Window Aspect Ratio

I]]umin,ati'on- from a tall narrow w'indow with an aspect-ratio of 3.0
was compared to illumination from a refe'[_enee square windo;n of the same
larea with an aspect ratio of 1.0. in each case, the illumination was,
ca]culated at several reference pomts along the perpend1cu1ar bisector

of the window sill. 0On June 215t at solar noon, the 'Igng narrow window

prov1des higher values of the variable daylight factor than the square

window fbr energy orientations as shown in Fig. 3.44. The short wide .

_windnw provided less illumination than the square window, as shown in

Fig. 3.45. However, the short wide window will give more uniform-

illumination across the width of the room.

Parameter vi: Distance of the Reference Point from Window

for an unobstructed window, the intensity of daylight decreases .

exponentially with dis‘tance from the window. For a fully obstructed

window, illumination decreases almost finear]y with distance from the -’

window. In the case of a part1y obstructed window, the variation of
: iHuminatmn w'ith distance from window 1in the perpendicular directwn
shows a combmation of both ,trends. An example for solar noon on June

21St is shown in Fig. 3.46. Since the obstriuction is from below,

points close to the window are illuminated mostly by light from the .

’ c1ear sky and receive severa1 times the 1l1un1nat1on striking points

1

near the back wa]] o -

I .

7
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As shown in Fig. 3.47, when -we move the ‘referenqe point off the
right bisector of the window si11, RCy declines as distance from the
centre -of the sill ir)creases. The 1largest variation occurs with a due

south facing obstruction. For' the- other 3 main orientations, _th'1's

effect was not significant because the luminance difference between the

obstruction surface and the internal surface is relatively small.

Parameter vii: Window-to-Wall area ratio

As this ratio increases with constant wall area, the illumination

.on the reference plane and on the 1nternai surfaces from sk}l ight and.

from externally reflected 1ight increases as the subtended solid angle
increases. The variablg reflected c&nponent of ‘a fully obstructed

window on June 215t at solar noon was calculated foﬁxin:ow—to-waﬂ

. area rafio increments of 0.10 as shown 'ipq Fig. 3.48. Between 90° and _

270° .window azimuth, the obstruction surface is illuminated by direct
beam. radiatibn and the\June 21st noon - RCy varies sirongU with
&zimuth. The variable daylight %actor,'DFv, was calculated for windows
oriented towards the four main compass points, Ionce assuming no
obstruction (Fig. 3.49) and once assuming the window to be fully

obstructed (Fig. 3.50)." The northerly oriented window (¢, = 180°)

‘received more illumination when 1t was obstructed because the Tuminance

of the obstruction with 'p = 0,3, is higher than the luhinance of the -
clear sky. FOr the other three orientations (¢, = 90°, 270°, or 360°)
v_vindqws received more {llumination when' they were unobstructed. The .
variation with window-to-wall area in the case of obstj,m'xctéd windows

was small.
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Parameter v111 The Height of the Obstruction o,

The patch of sky illuminating a reference poifat mside a-room can
vary with‘ the height of the obstruction surface facing the window and
its distance from the bu'i'lding surfqée. As a result, the diffuse sky-
1ight received at the reference point decreases with the height of the

obstruction as shown” in Fig. 3.51. | The reflected 1light from the

'obstruct‘[on surface ,increases’ w1th the obstructmn height up to a
max imum which 'corresponds to the height-that would fully obstruct the
sky at the réeference point (an ocbstruction height of 7 meters for the
dimensions of Table 3.1). Fig. 3.52 shows the effect of obstructmn-
" height (qp to 7.0 'meters) on the sky diffuse illumination (direct com-
,porgenlt), ‘the reflected component afid the total i11uniqation for due
north and due south windows. . The va1‘des of 11'1um1’nat10.n' were calcul- (

ated for a reference point 2.5 meters away from the window.

3.5 Daylight Potential as an Energy Saver

While energy was cheap, desfgners ignored the ‘available dayUg‘ht B
and rehed completely on e1ectr1c 11ght1ng. The rap‘1d1y increasfng
.cost of energy in recent years has encouraged designers to consider
Qaytht as the ,primary source of 1light for peripheral zones.
Designers have also ﬁeaHzed that electrical 1ightiﬁg has a very low
~'lu;ninous effic‘éency when compared to daﬁ’ight. The use of daylight
will also reduce the cooling load associated with the heat generated
fr'om electric Tighting and -can reduce demand load charges for aﬂ of

the eléctricity used m a building. Since theaenergy consumed for

4
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Tighting is the third largest portion of the enérgy consumed in air-

conditioned buildings after heating and cooling, daylight utilization’

_.can have a significant impact on the natipnal energy consumption.

»”

As the window area increases, the admitted daylight and the solar
heat gainsrincrease. In order to detemine whether or not the energy
savings from the utilization of extra daylight and solar heat gain can
exceed the increased energy losses through the window, the energy
savings potential for both daylight and solar heat gain must be

!

.‘ .
determined. In Chapter II, the utilization of solar heat gain was
. 1

~assessed. In this section, the energy saved by utilizing daylight will

-

be examined.
j 6

3.5.1 Estimation of the Annual Energy Consumption caused by Electric
Lighting, QAN:, )

QAN has two components; the energy consumed to operate the 1ights,

Qq , and the cooling \énerg‘y consumed to offset the heat generated from’
the lighting system; Qc. Dividing the required 1ight flix (lumens), by
the luminous efficiency of the particular lamps and fixtures used
(1.umens/watt), i:he total wattage required, W, for the given space can

be determined and Q can thus be obtained
G =.0036 n.W M (3.25)

where n is the total number of hours per year during which the 1ight is
switched on and a conversion - factor of 0.9036 s used to convert watts

to megajoule.
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_ The instantaneous energy required to offset the heat generated

from lamps, Qc(fc),\ depends on the time lag between the time when the

heat and 1ight are radiated from the lamps and the time when the heat

is ‘received by the room air. Therefore, the cooling load for the lamps

" at time & is  partly due to the electricity used at time (t -at).

The total annual energy required to offset the heat generated from
1alnp§, Qc, depends on the total wattage, the type of light fixture, the
ventilation rate, “the arrangement of air supply and return, the heat

storage capacities of walls, ceiling, floor, and furniture, and the

. thermal conductance of the room surfaces. Mitalas [215] described the

relation between a step change in power input to lights and the corres-
ponding cooling load component by an exponential expression with two
independent coefficients; a3 and b and one dependent coefficient, aé

Coefficient aj is the ratio of the cooling load one hour after the

lights are switched on. The coefficient. a; depends 1argé1y on the .

short term thermal storage characteristics of the room. These short
term characteristics depend, in turn, on, (i) the proportions of the
light power that is dissipated by radiation to that dissipated by

convection, (ii) the geometry of the light fixtures, (iii) the rate of

.ventilation, (iv) the arrangement of air supply and air return, (v) the

type of ceiling and, (vi) the thermal conductance- of the various .

1

surrounding surfaces. The other independent coefficient, b, which

defines the rate of coéling load, increases or decregises .after the

- 1ights are switched on and is mainU dependent on, (i) the rate of

ventilation, (ii) type of light fixtures, (iii) arrangement of air

- e

/

(.

AN

¢
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supply and air exhaust and, (iv) thermal properties of the. room.

4

Assuming that the cooling load and the power input to the 1lights
eventually become equal, the dependent coefficient ap 1'.s expressed by

as = 10-(a1+b)

" Thus, using M1ta1as relation between the power input to 1ights and the

corresponding cooling load, Qc(t) at time/tﬁ‘can be expressed by
) Qclt) = ap W(t=4t) + ap W(t-2at) + b Qc(t~At) watts  (3.26)

The “annual energy required. for the cooH/ng Toad caused by electrict\
7

lighting is g o

, . . n * .
Qc = (.0036/COP) 3 Qlt) W S e (3.
.o t= '

Adding Eq.\ 3.25 and Eq. 3.27 yields the annual energy consumption
caused by electric thting Qan - '

3.5.2 Estimation of the Annual Energy Saved by Daylighting and the
Residual Demand for Artlf'icul Lighting:

The deve]opment of a time—dependent da_yhght mode] aHows the

calcu]ation of the daylight energy savings and of the re51dual energy

required for artificial 1lighting. For a particul ar hour, i of any

‘part'lcu‘1ar day, Jj, the room average daylight illumination, E(i,j‘i,

received at a given reference point in the room is:

E(1,3) = DF(1,3) . Ep (1,4) (3,28)

1

|
where DF(i,§) and Ep(i,j) are the variable dayl ght faétor\ and’ the

total d1ffuse sky illumination on an unobstructed orizor)tal \\plane at

/

the hour 1 of the day J respectively. Ep(i,3}/aid DF(i,J) were

, . \ .
calculated as in Eq. 3.4 and Eq. 3.20 respectively. Thus annudl energy
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saved by daylighting, Qg becomnes T \ '

ml m2 . \
Qs = .0036 (1.0+gc) . (Ar/nz) r z E(i,j) M (3,29)
. 1':] j:] \
where m; is the number of hours during daytime when the Tights ‘could be
turned of f and m2 is the number of days per year when .1ights~ are on

during the day. .A, is ‘the room area and n, 1Is the luminous efficiency

of the Tamps installed. q; is the specific cooling load per each watt
¢ . ) B
.0f electric light saved and is given by

9c = Qc/M R (3.30) .

4 . ‘ :
In the calculation of the annual energy saved by daylight, Qg, two
" main assumptions were made. First, the variation in the illumination T
level within the- time interval is negligible. This assumpfiori is only

violated when large changes in sky conditions occur as a weather front
- ]

moves by (i.e. for a few hours per week ). Second, the calculations

were made for a single referénce point, assuming "that i1lumination: at

" this point represents the room average: illumination. This assumption

i

is va]id for rooms having a small depth (i.e. less than 1.5 the height)

PO T

if the reference point is carefully chosen.

' |

~ 'The annual demand for artificial lighting can also be estimated by

subtracting the annual energy saved Qg from the annual ..energy
consumption Qan ca/sed by electric 1lighting when daylight is ,not

utilized. A case study is shown in Chapter VI.

The - dollar ‘savings are not simply proportional to the energy °
savings because there is a savings. in demand  1oad cﬁ“arges for all

consumption as well as in the cost of maintenance and Operaqion of the .

L4

L
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1ights. The demaﬁd 1oad savings gives a powerful multiplication factor

(between 2 ang 3) to the dollar savings forqd‘ayli_ghting and con-

sequently allows a faster rate of return for capital expenditures on’

o -

1ight level sensitive controls. S &

3.6 Summary .

A time-dependent version of the daylight factor meéhod was

developed. Unlike the conventional daytht factor, the variab]e day-

" #ight factor can be used for clear, c]oudy, and overcast sk1es. Based

on the C.I.E. 1um1hance distri’butqu fer clear and overcast skies, a

luminance distribution for partly cloudy sky wWas developed. -
. v ; R

The «value of-the variable daylight factor depends on the time of

-

day and year, _the sky conditions, the compass orientation of the

window, the 1at1‘tude, the window-to-wall area ratio, the window aspect
ratio, the d1stance of 'the reference pomt from the window, hei ght and

d1stance of the obstructmn from window, ahd the ref1 ectance of the
IS

)
the reference point. ?

o

A parametr'ic ‘study was conducted for a simp1e geometry and the
dependence of both ‘the sky and reflected cdmponents of the variable

dayhght factor on each parameter was presented.

-
«

Results from the variable daylight.model calculation agreed well

w'lth measured hourly variations dur'ing 30 days and with the seasonal

N

variation from January 15t to April 27 1980.

5

‘ 1nterna1 and externa] surfaces which contribute to the 111uminat10n at g
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In th1sé model direct bean 'I1ght was taken .into account after being

[\

(o
~

ref'lectéd by external surfaces. Ref]ected tht from internal surfaces .
- is calculated separately for each 1nterna% surface, so changing the
ré?‘l‘ctant:e of each internal surface can be investigated. fhé%tjme\

‘depende‘nt version of the daylight factor allows a reasonable calcul-

a'ti_oﬁ of the annual energy reqdired to power.and to cool artificial
[ S

lights.

» v + a

* . . c . - .
l Ne now have a procedure for daylight energy calculations compati-
4

ble with hourly calculations of the heat gains and losses from build-

part- of CBmprehensive builgingpmergy analysis and des{gn programs.

’

. . . M
Jdngs. Consequently, the.daylighting calcutation can become an integral
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CHAPTER IV

+ FIELD MEASUREMENTS OF THE NET ENERGY CONSUMPTION
" ASSOCIATED WITH EXTERNAL WALLS AND WINDOWS

¢

4.1 INTRODUCTION

In the literature survey, ‘we found no previous full scale expe-

3

rimental research to determine energy consumed to compensate the net-

loss through windows. In this chapter, a description of the first
full-scale field megsurement; of the actual net energy consumption
attribijﬂtaMe to an external wall th. an ﬂ]uminat‘ed window at several
orientations is presented. In this study, we examined the thermal
impact of‘ the window-to-wall area ratio on the overall energy consump-
tipn of an rotatable test chamber, for three of the main compass orient-
ations apd for tht; three types of glazing (single, double, and triple).

The nét energy consumption 1is reduced by the eneérgy sav'ings when day-

Jight is utilized ‘in providing the reqhired illumination.

 There -were three /major experimental goals. The first was the

prediction of the energy consumption associated with air infiltration

-using in site wind and temperature measurements. The second was to

p“redict the value .of the surface coefficient, and consequently the heat

loss by convection and rédiation at the external surface. The third

goal was to measure -the total energy consumed in each of the 30 cases
. o - .

for cor;uparison to calculations with the finite:difference and the

rrar

variable daylight models presented in Chap’ﬁéfs Il add III respectively.

4

The infiltration heat loss 1is dependent upd.i the indoor-outdoor

‘ ‘ [ —

N ,"\5 ‘—jl

el
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temgeratuire difference, the crack length, and an infiltration coeffi-
cient th.at' 1'§ dependent tipon the Qorkmanship, crack thicknes"s, and- the
wind spee& and direction. The coefficient (;vas obtained by Jsing a new
techn‘lque that employs surface temperatures instead of the pressure

@

drop across the wall.

-

Instead of using a constant value for the outside surface coeffi-~
cient, it was related to measured wind speeds and directions, uéing
linear regression. Weather data during‘each experiment was recorded in
addition to the_tempe;'atures of the external and internal surfaces of
the window and wall, room airutemperature qand the heating and cooling

» R .

power used.

o
-

* In the fo\]lom'ng sections, a description of the ;:est prlogram, the
design and construction of the rotatable test chamber, the mea‘remenfs
of the infiltration heat loss, and the dependency of’ the convectioon
coefficient on wjnd speed. and direction are presented as well as the‘
procedure used for determining the' cooling capacity. of the qir"

conditioning unit used.

4.2 THE TEST oew ,

-
1

%

. The test‘(\ )f’ogram covered the three types of g‘la‘z1ng: single,
“double, and the tri’p]e glazing: Four window-to-?van« area'ratios.were
uﬂsed, namely, 0.0, 0.25, 0.50 and 0.75. The tests werg' limited to
'thr’ee‘main orie'rlatations, sou'éh, w'est, and north. Thg east orientation
was excluded for two reasons. First, i.f ‘one of the main orientations

has to be excluded then it should be either the west or the east,

[

td

'y

L
)
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becausé on clear days they bbth receive the ' same -amount - of solar
w . . % .

radiation. The only difference .is. the ambien"ﬁ/ temperature a'whan"t.hat‘.
DI . h“
1 .

radiation is received. The second reason- for exclusfon of the east
- '\ F3 *

orientation was because of the s‘u‘rrour';daing conditions. The eastern sky
- ’ was partially obstructed by neighbouring buildings while the western sky

was almost unobstnpcted. .

* Ten "experiments were conductéd for each orientation ({3 glazing

¢
.

types x 3 window sizes) + a solid pan‘el), that. is a total of -30 experi-

.

’ ¢

ments. These experjments wev%;a,.conducted during a period béginning at
the first ofx

uary and ending at the end. of April, 1980. '

.For each orientation, and for each window-to-wall area.ratip,'»three

“

panels with differentfﬁ}pes of glazing were inserted .in one wall .of- the
{ . ’ N

. °

chamber for testing. At each orientatjon, three wj déw—to-yaﬂ éfea

-

ratios 0.25, 0.50, and 0.75 as well as a solid panel were examined. The
test chamber was then rotatéd to the next orienta'{ion and the procédure

) “Was'repea;ed.' ) A S | i
A} . a . \ " . ®

« © - 4.3" THE EXPERIMENTAL SET-UP Lz K ~
. |

LN

> e 1 4.3.1 THE TEST CHAMBER -
The test &Qamber was .constructed on the roof of the Centre for

e & .
- . Building *Studies. It was designed to test the .effegt of the window-to-

/

wall*area ratio on the energy consumed to maintain-‘a constant internal:

{,‘," te‘xp\eréture“regardléss of the external weather conditions.

. C Lo }-The test chamber (Figs. 4.1 and 4.2) was ',(fesi.gned to simulate a
.t . ]\f . ~

y !
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. . ‘e . ) . )
room in a large buﬂd-ing,' with one side exposed to-the outside and the

other five sides adjo1n1ng rooms at a constant temperature. An external

,—qphamber was constructed around five out of the six surfaces of the inner

r oo, on]y one waN of _the inner room was exposed to the outside

‘weather.. On that waﬂ removable panels with Various windows could be

, ¢ . S
. fitted into a metal square P ame (2.50 m x 2. 50 m). The external

s

chamber _was thermostatically controlled and Kept at 20°C, thus’ s/mu1at- '

3
_ing the effect(()f ne1ghbour1ng rooms Since the temperatuje of the

inner ,room was alsg kept at ch .five surfaces of the 1nner room, cou]d_

be assumed fo be adjabatic and the energy consumption of the mner room

was - attr1buted to the net losses tirough the particular inserted

external panel under 1nvest1gat1on. Two of the panels are showp in

Fig. $.3. The test chamber was equ1pped w1th four wheels to aHow for~

rotatwn/to any 'desired or1entat1oﬂn.~ When it was in the' desired

position, wheels were 1c\)cked, and(guy wires were attached to take up

.5
re . 3 ,
LS

4.3.2 TEST CHAMBER CONSTRUCTLON - ¥ v

\‘As shown in Ff§ 4.4, aH extema1 walls of the ‘outer enclosure and

the experiementa1 pane1s were of the foﬂowmg mul ti layered construct— .

fon (from the outside to the 1nside) ‘ .
‘ o~

-
- -

i) 9.4 m (3/8") weather-treated and sta1ned plywood

ii) 50 mm (2") rigid styrofoam insulation.

~
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iii). A central cav1ty covered on both s1des by 6.3 ‘mm (V')
plywood sheetmg and enclosing 50 x 100 mn (2"x4“) studs

(Fig. 4.2) p]aced every 600 mm (24"). In the outer:mo;t

pat‘t of the cdvitjl, was a <25 mn (1") air space dnd the

" innermost part contained 62.,5‘ﬂmn (2"). of fiber glass
insulation and a vapour barrier. The.outer ‘plywood: sheet

"was ‘1ined (on the cavity side) with buiid'ihg p'aper.' The
: "in‘/ner‘ sheet formed the jnternal surface of the test
chember and was faced {on the cavity side) with aluminum .

foﬂ with the shiny reflectwe s1de exposed so as to

' reduce heat Toss by rad1at10n from the themostaticany

‘ controHed cav1ty A o L

-

'The floor of the exterh‘a] encloSure was supported on two.0.15 m x

0.15m wooden g1rders that transnntted the we1ght to the ground through )

the four wheels., Its constructwn was similar to that of _the externa1
walls exceit that the r1gld 1nsu1at1on was situated directly beneath the
plywood £1 oring Tms change was made to allow for direct contact

between the. f1oor joists and the support g1rders

-
.

. The roof was tilted 20° to minimize snow accumulation and to allow '

rain to run 'o_ff. The roof cohsisted\ of four plies of asphalt roofing; a

. , ) '
membrane; 50 mm (2") of rigid stryofoam insulation; and a cavity similar
to that'of the‘eﬁtern‘al' walls with a 6.3 mm (%") plywood sheet; 50 x 100.
4_um (2"x4") rafters every 600 mm (24"); containing a water and vapour-

barrier; a 6.3 mm (1:") plywood sheet and finally a1um1num foﬂ facing

' the cavity.

. . 4 Ay
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- - From, the odts1de in, the walls, floor, and ceiling of . the inner

room consisted of an a1ddn'rium foil sheet with the shiny, reﬁective side

facing the outer chamber, 2 6.3m (V') plywood sheet; 50x100 mm (2"x4“)\

studs every- 600 mm (24"): contammg a 25 m (1) air space and 62. 5 mm

(2%") of fiber glass insulatd‘on; an air barrier; a 6.3 mm (%) p]ywood

sheet; 25 m (1") of rigid styrofoam insulation; and a 6.25 (%) plywood

' . . '
sheet as the.internal. surface. . The walls were paidted with a “CIL"

white paint.

The frame of the odem‘ng was weather strippe‘d and sealed.  The

dimensions of the Opemng were 2 262 X 2.262 m (7 ft 6% in square)

“The 4" difference at the sides: is padded by. the weather stripping tape\

" The dimensions of the panels were 2. 25 x 2.25 m (7 fj: 6.. in squére)

and sealant. Every pane] was raised into position in the frame hy the

Luse of a pul'ley w1th a mechamcal “advantage of. ho1d1ng the panel in

front of the openmg safely to allow us to 1nsert it or to replace it

- (c.F. Fig. 4.3). The \.th‘ermal res-}stance and the overall heat transfer

) Insulatin

o cdefficients- 6f all components are shown ‘in Table 4.1.

L

&

The wmdows tested were s1ng1e, doub1e and triple glazed umts,
and ‘all were made of clear,: tempered.ﬂoat glass.. The. thickness of each

pane was 6.25 mm (%) and_the air .spaces were 1.25 an (%"){c.f.’ ‘Fig‘

"4.4). Aj@k units were factory sealed and made by “Gloverbel Sealite

sealed. . ' : ) o

<
I3

.

Glass." The air spaces were dehydrated and hermeticaﬂy .
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Building Component ©+ Revalue - U-value - « > =&
' ‘ : ' . KW w/m? . K° R
External walls’ L 3.846 0.26,
' External p]atform » 3.84 0.26
- Roof - 3.846 0.26 '+ .
Internal walls N 3.334 0.30 - k
) Intérnal ceiling . 3.334. . 0.30 -
Internal floor T 2:772 0.36
Single window oo o 0,156 6.416
, . Double window - 0.361 2,77

. Triple window . 0,563 1.76

-,

' Table.d.l’ Thenna] res1stances and overall heat
AN “transmission coeff1c1ents of ‘the test
oot chamber'

4.3.3 INSTRUNENTATION, EQUIPMENT, 'Anb MEASUREMENT
T ®

The test chamber was furmshed w1th measurmg and recording‘

1nstruments, and heatmg and coohng equ1pment as descmbed 1n the"l

following paragraphs..

/

i) Solar Radiation,Measuraments . o -7
" Solar "rédiatipn was measured with 'sih'con ~sc1ar cell detectors
/(mo‘de] SS- 100)\\manufactured by “Do&ge Products”. These detectors had

been -calibrated agamst a reference thermOpﬂe detectcr by- the manufact—

urer. The calibrated intensities ranged from 0. 0 to 990 watts/ m2 over.

a -48 hour period at an average ambient temperature of 3°C. The

LY

accuracy of the solar sensor was withm + 0.2 w/me. The output of the

detector was ad:}usted to provide an electmcal signal of 100 mv- with

P
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. solar 'radiatibn of 100 mw/enZ. The'sensi*ng element. of the detector was

a space grade s111con cell with an e'lectrode grid carefully chosen to
give linear output character1st1c anfd a sensit1v1ty of 0 1 mv per 1

from 0.4 to 1.1 microns with a

max imum at 0.8 microns, 6 solar cells were used.

Solar cell.# 1 was used to detect the Tntensit&_ ofthe Jtotal solar-

‘radiation on. the horizontal pl ane. ‘I,t was placed hov‘izonfaﬂy outside

' ‘*,thg test chamber o‘nﬁ the least-obstructed area of the \roaf'.

.' ’)l"

m(tside and" is shown in Fig. (4.6a).

!

Soiar ‘cell# 2 was used 'to detect diffuse radiation on tﬁe hérizon-

¥ tal. A moveab]e band shaded the detector from d1rect beam radiation

- -
So1 ar ceHs #1 and # 2 are shown in fig. (4.5a).

T Solar cell #3 measured the ,horizoﬁtal. intensity at the reference

point, usually 0.8m high and 2m in’side the window. Solar cell #4.was~

’ plac"ed 'verti‘caHy -on the external surface of the tested panel. and

measured the total rad1at‘ion impinging on the panel surface (F1g 4.3b).

, N1th windows, sol ar cell #5 used to measure the tota] solar radu::ﬁ
lar

transmtted through the glazing (Fig. 4.6a). It was placed near

‘ c'é‘n #4 inside the g1azing facing out, in such a way that .neither solar

.'cell # nor solar cell #5 shaded each other on the‘ particular, test day.

A smaple of the radiation measured by solar cell #4 is shown in Fig.

4.7a, 4. 7b and Fig. 4. 8a for a vertica] surface facing south, west, and

: & -
north respective]y. o
1. e . .

“

.“11 So]ar cell '#6 was pl aced near the 1nterna1 surface of the g1ass -and .

N faced 1hwards to measure the radiation reﬂected from the room to the

\ .
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~To simulate a‘room.with dimmers, elect:.ric lighting was equipped-
_ with an automat1c light-sensing multi-level baﬂast The Tight sensing
) e]ement of the ba]]ast&;I/‘as a celenium photo cell (Radio Shack pt. 276~
" 115). Thus, any dimming of the avan]aMe daylight bel OW'thé_ set nﬁnimum
level was computed instantlx b\y the multi-Tevel ballast switched on one’
or more.ﬁuorescent‘ bulbs. = It was assumed that the nature of the
v - activity in this coah required an jﬂwﬁination level of 750 lux. The
Juminous flux (1umens)‘;; }ecei‘v.eci on the work p1ane/ 1"s a1ways less than
that emitted by the lamps due to 1\osses in the luminaire and the room
)surfaces ‘!}Thus, the 1um1no;s f'lux mﬂst be. mu1t1p1ied by a coefficient
of utmzﬁnon whichk represents the “‘portion that reaches the work.
plane. In actual use, and 9V§': a pemod of time', the compondents|of a
1hh1’na’1"re ére 11'I2e1y to operate atn]ess‘ than 1ts'Jra‘ted‘ou£put. This _is
attributed to vol tage) yari::tion, Tamp deprec,;ation,~ main'tenance
procedure, dirt accumulation and temperature variation. Thus to account
for this difference\‘the ’I"uminous flux from Jamps must also be mil t%pllied ;‘
- by a loss factor known as’ the maintenance factor ’ Accordmg to the'
calculation procedure given 'IES L1ght1ng Handbook [123] _the test room
utilization factor, and the maintenance factor. for the lamps used were
° found- to be d.6 and 0.8 respectively. Therefore, the required installed
f] ux was a

Installed Flux = [750 Tux /(0.6x0.8)] x Room area (5m2)
= 18000 1lumens |

<>

~

The Tuminous efficiency of the fluorescent fixture and bulbs was 75

" lumens per watt, thus the total power reduired was (18900/75)' = 240
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watts. Six lamps of 40 watt rating were installed. ‘

~A§ long as the available daylight provided an illumination about

S . \ 750 1ux at the reference point, thd six lamps were off. The lamps were

‘ : turned on or off at 125 lux intervals. The ballast responded only to
illumination changes greater than 5% of the existing value. S

s

. . s, 1ii) Temperature Measurements
| | . Temperatures were measured with type T‘sop‘per-constantin thermo- :
. coupl-'es. A total of 45 thermoc?mp]és were'usedi The temperature was
measured at both external and internal surfaces of the panel and the
i ! window. On each surface 8 thermocouples were placed un the panel and
‘ ”n'ine on 4he window. - A thermocouple ’was u‘nsﬁei’.ted ats the panel-wall ’
t ' ‘ ihterface/;‘ﬁud another at the panel-window interfac:e:sf Other thermo-
r‘t . * couples were used .to measure room temperature" (3 thermocouples, 0.2m

. ! .
g from ¢eiling, mid-height, and 0.2 m from floor) outdoor air (one thermo-

s
used in different positions but mainly to insure that the temperature on.

couple) and cavity air (one themocouple). The last 4 thermocouples were

- both. sides of internal walls was the same and particularly the

, . temperature of the cavity on tob of the inner room ceiling.

" .
. re

The thermocouples were connected to a temperature. ‘dig'ltal disp]ayer

‘Thermocoup1es ‘were imnersed in boiling water to chea the boiling~
temperature (100° C) and in mel ting ice to' check the me]ting temperature

4(0"C). The stabjlity of the thermocouples was checked by obta1n1ng

£

continuous readings while keepmg the thermocouples {miersed for ap to 3

¥
)

. !

(Donc Trend1cgtor type 400) shown on the lTeft hand side of Fig. 4.6b. ;o
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"hours.  An ‘ice point instrument (KAYE's Ice Point Reference) was used

also to check the zero point.” A mercury t;hermop'ﬂe was also used for

checking the calibration (Taylor Insturments).
™ '

iii) Wind sbeed and Direction Measurements
* *

A dua]-iuj/p’esf instrument for ’measurin\g wind speed and wind direct-
//./

4o, (The Bendix Aerovane Wind Transmitter Model 120), shown in fig.

. 4.5, was used. - The wind speed was measured by a three-bl aded impeller

-

" fastened to the armature of -a tachometer magneto located in the nose of .

the 1;|st}'umént.‘ The speed.of rotation was directly propiortionaT to the
speed of.the wind striking the- impeller blades. Thus, the‘vo1'tage
generated by the magneto‘is proportional to wind speed. This voltage
was el ectrical]y;transmt‘ted to-a remotely located voltmeter which was

calibrated to indicate wind speed.in Km/hr (0.0656 VDC = 1 km/hr.). It

'is. shown on. the right-hand side of Fig. 4.6b. An airfoil turned the

body of the instrument into the~: w%nd. A synchro e]ectricaﬁ']y Jtréns-
mitted the vane position .to' a remotely-located companion. synchro (Fig.
4.6b). A rapid response §ynchr;o-to-DC converter card was used to 'accépt
3-,wjfé synchro 1input data and to convert it to a linear OC output

vd1tage proportional to the synchro angle and displayed on the chart

.recorder a1ong-w1‘th the wind speed. " A §amp1e is shown "1n'Fig. 4.8b,

-

iv) Heating and Cool ing Equipment

Two spaces were thermostically controlled, riame1y, ‘the external

cavity, and the inner room itself. The energ,‘y consumed for heating and -
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.

cooling the inner room was monitored as described below. The heating

‘and cooling loads were ‘calculated and the capacities' of a heater and a

cooler were chosen abcording'ly.:

The cavity area between the inner.and outer walls shown in Figs.

4.1 and 4.2 simulates the thermal environment of the rooms surr;ound.ing\\‘

the test room in a real situation. The air temperature of the cavity’
was kept constant at 20°C by a _thermés‘tat (Honeywell-buib pressure
spr"ihg)’w'hich operated a micro switch 'for the cooling and heating units.:
The thermostat fluctuation never exéeeded _+_«,0.5°C.‘ Heating was provided
in the cavity area by three 100 ft. Tong heating cables suspe;nded in
loops from the ceiling to the floor. The heating cables were used to
requce temperature variation wi thkn the cavity. . We used 0.5 kw cables
(mode] ADKS-500-C1) from Heron Cab1e Industries Limited. The cavity
area was cooled by a window a1 r-cond1t1oner which dehvered 1465 watts‘

of cooling {5000 BTU/hr.). The mode1 used was Mastercraft -5000‘

manufactured by "Hot Point" for "Canadian Tire Limited".

- The ‘heating of the inner room was provided by 1500 watt Mastercraft
floor base heater and the "cooHng by an air-conditioner ddentical.to .
that placed in the cavn;y ' The temperature of the room was maintained
thermostahcaﬂy at 20°C with 'fluctuation + 5.5"(‘. “(at the room
mid-height). The temperature stratification with the height. of the
inner room was 3°C at the most. -Thé maximum temperature difference
across the ceﬂing_ was 2°C at the most. These f1gures changed nghﬂy '
orﬂy right after the heater was turned on. At the other four adjabatic

surfaces of the inner rogm, the temperature difference was zero at the
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mid height and fluctuation within 1°C was found.
v) Measurements Recording

In order to calculate the energy consumed by the 1lights, six
channels of a "Cole Parmer" 8 channel event recorder‘ were used to
reg1ster the sw1tch1ng of the six ﬂuorescent -1 amps. The other two

channels were used to record the on-off events of the heater and the air

conditioner of the ipner room. The output’ was printed on a 2" wide:

carbon loaded paper. A "Rustrack" current recorder (model 2107) was
,used ,to~mea§ure the variation of the current entering the air-conpdi-
tioner and reéorded, quasi-continuously. - Wind speed érid directi‘dn were
also irécorded quasi-continuously ‘(24 hours) on carbpn 16aded paper.
Sotar radiat;ion' measurements were rec;drdgd quasi-contim]o’uﬂy during the

} day on "Rustrack" solar chart.,recorders. Manual readings were taken for

temperatu\re once every hour. using Doric ‘Trendicator type 400 -with a

channel selector.

4.4 Infiltration: Theory and Results

The mterfaces between the components “of the enclosure contam gaps

and cracks through which an uncontrollable flow of a1r either mfﬂ- ,

t

trates or exfiltrates from one side of the enclosure .to the other. The

driving force for such a flow is the pressure difference. across the

enclosure caused efther by v;ljnd or te'mperpture effects or both.

Air leakage g'1ves.rise to the following problfns associated with

either the indoor environment or deterioration of bujiding materials: ‘

1. Uncomfortable air draft for occupants.

b

Vo skl sandh st e M’M‘
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2. Reduction or increase of the re]étive‘humid'lty'inside. ‘ -y

. d
3. Reduction or increase of the internal surface temperature

of externallwaﬂs. - s
‘\’4. Increased condensation on cold suﬁfa;ces in winter. ‘
5. Infiltration of odours, dust, and- smoke into the buﬂd%ng. .
6.7 Acceleratfion of the spread of smoke and fire in both the
horizontal and vertical directions.. - Ly
7. An incrga’se in the heating load in \gnt‘er and the coaling .
© o lqad in summer. .
. 8. Detefioration ‘off the -building materials of;the enclosure.
, 4.4.1 The Reiation Between Air Leidkage andaAir"Pr‘essure ﬁifferencg
The driving, force causing air .leakage is the pressure difference .- ..
* which acts orn the ,buiTt'ﬁng enclosure. The bressure ,difference LA
induced ei‘;her by the wind forces or the'density difference or both. .;.,
The pressure differencg‘ induced by wind forces is related 'to the wind |
\;- ‘,speed by [10]. | | ‘ :
APy = 0.601 v& : ‘ (4.1)
) * where . . | , | : ‘
. ’ ‘ ’ APy = plress'ure difference gc’ross an enclosure panel caused E
| by the wind, Pa- , B D
¥ = wind sgeed‘, m/s. o o ¢

C e -

In winter, -the pressure differenée due to the différence in .éir

. density, resulting from thé difference in the temperature betweeninside
- . ' ' R
7' and outside air, produces a negative inside pressure and an inward air

A}
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flow at 1ov; levels, and a positive inside pres'sure 'with an outward flow

at high levels. The reverse occurs ‘when ‘the inside témperature is lower
than the outside. The pressure difference is zero at the neutral leve]

and increases as the distafte’ from the neutral level is increased. The

" pressure difference, 4P4, due to the density difference is g1ven by

(10].
sPg = 0.0342 Ph(%-; - .1,.17) C (4.2)
wher:!e ’ .
APy = pressure difference across the enclosure panel caused.
by the densiﬁy difference, Pye -
P = atmospheric 'pre's/sﬁ/;é,\?a

h = distanchf;om/tt\e neutral level, m.

outside air absolute temperature, K

o . e

-~
o
n

" jnside air absolute temperature, K° .

—
—do
0]

Availatile data on the neutral pressure level (NPL) in various kinds of
AR

buildings are very limited. The NPL in tall buildings may vary from 0.3

to 0.7 of “the total building height. For houses, the NPL is usually .

about mid-height [10]. Since the pressure differencé caused by the
d'ifference 1r1 the air density is pr0port1ona1 to the d1stance from the

neutral 1eve1 this force is relativer 1ns1gn1f1cant for sing’le-storey |

houses, but in’ tall, buﬂdings it may be the dominant force.

»
[}

4.4.2 Estimation gf Air Leakage ! /

Pl

There are two methods of estimating the atr leakage in buildings.’

The air change method assumes a ceritain number of air changes per hour -

)
- A -~

- o ods
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for each room. The mnumber of air changes R assuned to be dependent

upon the room location, use, type of construction, and number of
windows. The other metﬁod is known as the crack method. It is based on
measured leakage characteristics of byuﬂding components ,at’_sé1ected
_ pressure differences. However, no two walls are identical as built so
i‘nfﬂtra‘tion figurgs are generally only estimates:. As a result, heat
loss or gain associated with air Teakage is considered the most uncert-

ain component of the calculated heating and cooling 1oads.'

©

‘Bas.ed on experimental measurements of 'act"ua1 homes, the hourly

. . LY
infiltration rate in the air change method is given by [217]

. T=A+bv +CaT . “ (4.3)
where ‘ “ 3 . » '
1= inf}ltra;ion rate in air changes per hour
:* V = wind speed (m/s) .
AT = temperature‘difference between indoor and ‘outdoor air, °C

A, B, and C are empi rical constants dependent upon the characteristics

of the house being measured. Their values for a typical wood -frame

3
i

house are: A = 0.25, B = 0.04843, and C = 0.00463.

For the crack method, the air leakage characteristics are expressed

v

in terms of flow rate per meter of crack or per “unit area. For given

pressure difference, - the air leakage is the product 6f the air leakage

i
3

charactervistics and the total crack length or area. -
’ U

The air flow through openings in -buildings is governed by laws

similar to those describing air f1ow through orifites and capillaries.

.
-

®.
o 0
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The‘ flow throucjh a.capillary. is_ directiy proporfiona1 to, the -pressure

drop acraoss it, and. the ﬂow through an orlﬁce is- proportiona} to the

. . square roo_t'of the pressu\re drop. The r‘qat‘wn for the usua1 openings .

Id

in buildings falls between ‘these two limits. " Also, ‘the flow rate .

.~ e

L]

terms of the. VOlume flow rate of a1r, is given /Fn the form [10]

depends on the effectwe area of the cracks Thus mfﬂtratmn in

°

where, o S S o R
oMy s votume flow rate of air, "(1/s)/m2 , R
\ .C = flow coeffic1,ent (1/5) m2 Py laccounts® for crack:
» 0 ' geometry) - ‘ : o
] AP = Pres ur:dﬁference Pa ‘n j ‘
' n= f1ow component between 0.5 and 1.0 and usua,Hy near O. 65
g v ) S - ~
. Begai;se of the .variations in workmnanship and vdesign of openings

- . o , i . oot '
er windows and doors, in situ measUrements are considered to have an

[N et

T "advantage oVer the avaﬂab]e mathematical’ formu]ae in prestmg air .

'

leakage 1n bu11d1ngs.

N }y " l
i co v ' ‘ b

|

« . Theré are two techniques” which are q,ften used in field measure-

s - ments. The first @ o pfessurize the buﬂding using the supp]y fans of

‘the centra] air-conditmn‘ing system When the supp]y fahs are on‘ the

' -
o supp]y air flow rate and the resultant pressure difference across the

.enc]osure are recorded thh this  technique, the air le‘akage flow
e through a typ1cal wall area can be separated. from -that through the

« - bottom and the top’ of the pressu\rized enclosure [61]. The second

< “
\ o' L. . . « A R
. , -

B
-
—

N

v
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techmque is known as the tracer-gds techmque. The¥rate jof air change

is estimated by measuring the change in the concentratmn of a tracer
\ .
gas for which a senditive detector exists. The most common gas used is

, hel jum (detected with ﬁss“spectrograph). - o
[ . ’
4.4.3 . Ca1cﬂ]at’ion of Infiltration Sensible ‘Heat Loss ? ' v,
N A simplér techn\ique has been -developed in the present studj/. ‘The *
(
» thema]]y - induced pressure differenCe across, the enc]osure is very
smaH compared to the w1nd-1nduced pressure differenceV Therefore, the .
'pressure difference is assumed to be a &unction of wind speed  only.
Using temperatu're' measurements, a simp]ified procedure for the calcul-
) ation ,of the sensible heat loss associatdd with air infiltration was
@ - . «
. _ developed. The sensible heat loss due to infiltration, Qf, can be

defined as the energy required td raise the temperature of the 1'nc}n1'ng

L3

- ,
+ outdoor air, Tp, to the Tevel of the inddor air temperature] Ti. Qf as

s

L4

function of the crféck Tength, L, and the indoor-outdoor ‘temperature AT,

.can be expressed By:

» .
’ 0 F LaT "' watts . o (4.5)
’ when:e‘F ‘is the infiltration coeffioient given by A . . ‘ . / ‘
! N F= 0 cp. B |
) whexe® \ ' | ' ‘ |
;\* densit_y of the 1ncoming outdoor air (Kg/m3) X - / "6

S .
cp pec1f1c heat of outdoorair (J/Kg k*y . - l

.

the\vo1ume of the 1nf11tration air per unit time pér unit
1ength of crack (m’3/s per m. of crack)

2 7
.

¢
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The volume of the’ incoming' air, B, depends on the pressure difference

‘

across the externa1 waH, crack th1ckness, and the workmanship 1nvo1ved'

in constructing the particular windows, waHs, or roofs. The va] ue of B

tor a few common types of walls and winddws are given for discrete

values of pressure difference- (25, 50, 75, 100, and 125 P4) by ASHRAE .

[10]. For our e’x/emments, f1ner divisions would bg required, so we
determined the coefficient F experimentally as a ;uKne‘ﬁon of wind
*ielocity through a heat balance. To avoid solar gains, these experi-
ments were done at night in January and Fébrdary 1980." The time of
operation of a. 'calibrated heater .(1500 w) was ]ogged' on an »event

recorder. The* heat generated from lamps was constant at 40 watts.

Therefore, the total heat 1nput 0(1) to maintain the room air at 20 :-_'

0.5°C dur1ng a specific hour i is

n x 1500 (4.7)
B :

o

Qi) =-

7
where n is the number of minutes within the hour i when the heater was

+ 40 watts . .

¢

on. -

i
°

Since five surfaces of the- room are maintamed from both sides at
. '20°C (adiabatm surfaces), the hourly heat 1nput 0(1), is Jjust the heat

1oss through the external wall .under test, Qc(1) + Qf(i), where ¢ stands

for conduction and convection -and f for infiltration. .The test was'

conducted for window-to-wall area ratios of 0.25 and 0.50. For each

retio; sin§1e, double, and triple windows were examined’for a totai of

six cases. Thids
Qf(1) = Q(i) - Qc(4) watts - (4.8)




l\’ o

- . . -

Sincé the variation of outdoor temperaturé during the 12 hours of -each

test was about 3°C and the indoor temperatu%e was maintained at 20 + .

\ I

. 0.5°C, a steady sfatelgha1ysis of.fhe<h§%t transfer was used.

The heat loss from the external wall and window Qc(1) was evaluated -

from Bﬁ‘equaliy'distributed measured temperatures of the internal and
external surfacés of the windgw'and wall (Fig. 4.9) in addition to the
indoor and outdoor air temperature during interval i. - The hourly sur-
féce temperature used for the calculatipn was the average of the tempgr-
atures méasured on“each surface. The heat loss’ for the exte;nal pﬁﬁe1'

was evaluated with the following expression:

0l i) = Dg (Tyg(i) = Togl1) + Dp (Typli)-Top(1)) . (4.9}

<&

where - ' ' ‘ B .

0g =% and Op = %g

“and

Ags Ap = area of glass and area 6f pané] respective]y'

v

Rg» Rp = the thermal resistance between the'intérﬁa1 and externa]ﬁ_

" surfaces for the glass and pahe1 fespectivély (ie. without -

{

_ the air films). ‘ : SN
Tig: Tip = internal surface temperature for glass and pdnellrespéct-‘
ively. !

- Togs Top = ekternal surface ' temperature for glass and.pane1,respect-

jvely.

¢ @
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Substituting in. Eq.- (4.5), the corre;pond\rng value for the.

coefficient F during inj:erve] i can be obtained as foﬂovjs‘.

/ DL Qfl) L QW) - Qi) | ' . (4.10)
~Fi= o) j . s RN : -

%

The total. crack.length “around w1ndow and panel, L, for a‘.O 25’w1"nd°ow-to-’

wall area ratio is 13.5 meters and for a 0 50 ratio it is 15.4 -meters.

Since the he1ght of the test chamber is only 2.25 meters, the- thermally .

induced pres‘sure difference is :very small .and can be neglected. Thus,

the press/ure di‘Ffer:‘ence induced by wind is the dominant force driving

i

air leakage. The experimental poiﬁts are plotted ‘in Fig. 4.10. The-

pattern suggests a non-linear re]a'tionship‘.v A -polynomial regression

. ‘ oy c,
analysis was conducted on the results and yielded a relation of the

th]’rd degree relating the coefficient F ' to the wind sbeed v which is .

Y

' given by .
£ = 0.081 + 0.024 v + 0.0096 v + 0.0053 v3 T (4.11)

where wind speed v is measured in m/s. At these ]ow wind speeds,
typii:al for downtown location, the wind d1rect1on var1ed a1most randomly
during each hourly time interval. Typical outputs are.shown in Appendix

C.

4.5 Experimental Investigatfon of the_Dependence of the Surface
Convection ‘Coefficient upon MWind Speed and Direction

The rate of convggtwn "heat transfer from a wall is related to the
temperature difference between the externa1 surface of the wall and the
ambient air beyond the convection 1ayer by Newton' s\]_a_‘jfof cooHng

ac-= heA (Tg - Tamb ) L sa2)

hasls !

s D i e
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-where A is the area of, the-external surface and h¢ is the convection

‘héat transfer coefficient.

In ihe present study, qc was determined as the difference-between

the total réte of heat,transfer at the external surface,’dt, and the

rate of radiation heat transfer,’ q,. The rate of radiation heat

v

transfer, g, also be put in a linear form: ’ :

where hy is the radugtion heat transfer coefficient given, in Eq. (2.4)

in Chapter 1I, by ’ : B -

hy = oe (T§I+ Tgmb) (Tg + Tamb) T (4.18)

the surface emissivity. Under steady state conditions, -the total rate
of heat transfer at the external surface is the same as the rate of

conduction heat transfer through the wall and the rate of .heat. transfer

‘gt‘the‘internal surface. Thus, qt¢ can be determined experimenta]i} by

monitoring the rate of heat gained at the internal surface.

-

Thus if hr is known, h, can be found experimentally:

- 215 - R | .

“and o s the Stephan Poltzmann constant (o = 5.67 x 10 w/mék4). and ¢ is

he = qt - AhLA (T = Tamh) . (4.15) 3

A{Tg - Tamp! \

. In order to remove one complication, temperature measurements were taken

during the night, without any solar heat input. Using the hourly -
weather data that were collected during the fifst four months of 1980,
relations for hc as a function of 'the wind speed and direction'were////////

derived. o C , o . ' /////i
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" “The measuranents used were .

i) 36 temperature measurements for the external and inter~

nal surfaces of the wall, 1ndgor a1r, and outdoor air.
if) Wind speed and direction. c B
iii) Hourly heat input from the 1ights and heater.

" Data was chosen on1} fr om nights with minimal f]uctuationf of the
eutdpom air temperature (+ 2.5°C).- Since the air temperature inside was
regulated to 20° i'O.SC, and the external air temperature was aimost
constant, steady state heat transfef~ean be assumed. Since vertical and
horizontal temperature gradients measured alené the wall were negligible

in comparison to the temperature differences from one layer to another,

the heat flow was nearly unidimensional. The windowless ‘external test

wall has an, overall coefficient of heat transfer (U-value) of 0.26

w/méK®. Because of the thermostats, the other five surfaces of the
inner test-room were adiabatic Therefore the rate of heat loss through

the external wall .is equal to the heat input to the room to maintain it

~at 20 C. The total rate of heat transfer, qt¢, was then determined ¥or .

" each hour as the average rate of heat delivered by the.heater~and lights

during the hour. To minimize the possible error that can be caueed‘by

~air infiltration, the room surfaces were painted and the edges of the

" test panel, doors and air conditioners were caulked and taped from the

inside and the outside.

N

The hourly wind direction was chosen as the predominant direction '

within the hou}.' The measurements showed that the fluctuation in' the.

./‘

inhindise
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wind direction around the predominant direction was dependent on the wind "

. speed and thé degree of turbulence in the air. \Unless there was a major

. shift in the wind, the fluctuation range was alwéys less than 45°,

Therefore, the wind directions were rounded to the nearest of the 8 main )

directions (south, south east, east, north east, etc..). Part of the
turbulance occurred- because the C.B.S. roof is surrounded by buildings:

Even at air velocities less than 5 m/s, fluctuations in wind direction

were found. The hourly w1nd speed was chosen as the predominant speed

‘within the hour -

s

hc was calculated and then plotted against wind speed for fivefof

“the eight pr1mary compass points of wind d1rect1ons (F1g 4.11 and 4.15).

Since the "test wall always faced one of the pr1mary compass points, ‘the

other three primary wind directions were symmetric to 3 of the five

plotted.

A Teast-square straight~T*ne hC = a + bv was fitted to the p01nts
~
for. each wind d1rection -«4%e~caeff%e4ents obtained for each d1rect1on‘

- along w1th the standard error of estimate, are shown in table 4.2

Wind direction ( ~ Standard error
from the normdl. coefficient a coefficient.b of estimate -
to the surface . * (w/mé .K)
0° (normal) 1.7 2.90 . . +0.976
+ 45 7.50 3.26 + 0.79
A (para11e1) 7.52 4,10 +0.783
+ 135 6.85 2.63 -+ 0.572
*~ 180" ' 6.27 . 2

.65 +1.089 '

Table 4.2 coefficientsa and b for the eight
primary wind directions.
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A comparison between these lines and others found in the literature.
is.shown in Fig. 4.16. The computer print out for wind speeo, wind
~direction, heating minutes, ambient. and surface temper'afures,l hy, he, and
the surface coefficient h (h = hr"+ he) are ‘shown in appenxdix/c. Read-
ings were taken for 142 hours. If.the wind directions are 1'gnored, the

-

best fit to all 142 points is

he'= 8.48 + 2.55 v A . (4.16)

4.6 Cooling Capacity

®

On sunny days, so\]ar gains often incr'eased the tem‘perafure of the
- room above 20"C‘ The excess heat was removed by 't'he' air-conditoner.

- Since only the power 1nput to the air conditioner was nionitored the
cooling capacity of the cooler had to be determmed This was done :

_experimentally. The cooling output can be obtajned from the heat balance

" equation | .
Gt tQ o e Twan
where ' - ’ | . o '
Qc = cooling output (watts)
Qst = heat drawn from storage in the mass of  the’ room
Q =

heat loss through the walls. .’

| Therefore, the objective of this test is to determine Qst and Qz
experimentally in order to obtain Q¢.. Both Qg¢ and: Qz can be calculated
" if the therma propert1es of "the various components -of the room are

obtained (i.e. therma'l resistances and capacities).

!

.
",




4.6.1 Description of the Test

)
»

The test was carried out in’ a well insulated, air tight test room

inside the thermal enviromment laboratory at the Centre for Building

a set of

, Studjes. The room had a square plan (3.05 x 3.05 m2) and its height was
©2.44 m. _The thermal coefficients calculated for the compohents and
contents of the room are shown in Table 4.3. The room was equipped with

fixed copper tubes used far testing heat exchangers.

@

.

The test chamber was instrumented with 31 copper - constantin

thermocouples. The thermocouples (TC) were distributed as follows: -

. (
. - room air: dry bulb (2 TC), wet bulb (1r’Tm)

y
:

. K ‘ A
ambient air near the external surfaces (6 TC) -

the external surfaces of the room (12 TC)
. copper tubes (1 7C) ;
' water storage’ . - (2 TC) '

°

| The heating was proviéeq by Fwo, base—bo;rd heaters,with a total
combined output:of'Z.S Kw.' The cooling unit was installed on one of the
‘'walls of the test chamber and controlled .from the 6utside.

acquisition system (Dbric 220 Digitrend) was used to record the temper-
ature measuremen;s every 5 minutes. In’both the heating and the cooling
cycles the air inside the chamber was circu1atéd coﬁtindousiy to minimize
str%tificatioﬁ' and maxmizé the unifor@ity of- the temperature. During
this test, 2 barrels. of’ water and a steel beam were used to introduce
inside the

storage

extra thermal chamber .

Thermocouples were

A data
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]

calibrated by immersing them in boiling water to check the . boiling
\temperature (10¢°C) and in meltm ice to check the melting temperature

N | (0°C).  An ice point instrument (KAYE's Ice Point Reference) wa§" used

also to check the zero point.

Q

4.6.2 Determination of the Effective ‘ﬂ-efmal Prdperties ' " .

As a pre]jminary step, effective thermal resistances anq capacities :

« of th_e' room elements were determined in_,a heating experiment. The two

ba’s}e\board heaters of combined outﬁut of" 2.5 Kw were put inside. The

heaters output is calibrated by measuring the vo1tagé and the current.

The heaters power (in watts) 1is the product of the voltage and the ]
current (amp).  The 'temperétures. of the room air, external surfaces,
‘ iﬁterﬁal surfaces, ambient air, and storage materials ins'id'e“(copper)
were measured every 5 minutes. Tﬁe thermal storage capacity of the room
was then increased by placing a steel beam and two barrels full of yvat'er
inside.' The experim‘ent was then repeated. The thermal network used to
simulate measured temperatures before andr after increasing the thermal
storage are shown in Fig. 4.17 a and 4.17 b respectively. The 20 thermal
resistances and capacjties_kshown in table 4.3 were ob‘tained by fitting
temperatures calculated frm; the models to the 234 " spatial average
'measured (tempgratures. The equations shown in Secl. 4.6.4 were solved by'
Gauss. el {mination‘using _the Cyber 170-174 computer at Concordia. ~ The
program is shown 1n_Apﬁendix B. Thé initial R's énd C's were calculated
I?y ASHRAE methods and are shown in Table 4.3.‘ For. each run, measured

temperatures were used to begin the calculation at time zero. | . N
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© The twenty parameters wert varied manually in consecutive runs in
groups of 4. The variation started with the parameters which produced
the most diverted calculated temperatures from the correSpondi‘ng measure-

ments. After the best fit for each of the 5 gnoups'.had been found the

»

~ process 'was repeated 6 times until the sum of the squares of the diff-

.elfence's between computed and expe.rimenta1 °temp;eratures changed by Tless
thap 5% of the previous -best fit val ue. The best fit temperatur'es (are
shown in Figs. 4.18;anq 4.19, and the best ﬁ't parameters are shown 1in
Tabte 4.3. A sensitivify test revealed no other minima within 1'3"5% of
thé initial R's a;td C's values.

!

4.6.3 Determination of the Cooling Capacity of the Air Conditioning

Once the resiétancese and capacities of the components of theﬁroo'm _
. had been determined, the cooling capacity of the air-conditioner was
determined from simulations of the temperatures observed in two similar
experiments using a constaﬁt output from the air conditioner. In these
simuTations, tHe resistances and capacitance were kept constant at the
best fit va]ue)s from. the heating experiments, and only thé cooling
capacity was varied to obtain a best fit. The cooling capacity of 1.4.32
Kw gave the best fit for both ca'ses (Figs. 4.20 and ,4.21) and was taken
as the cooling capacity of the air-conditoner for fh‘e experiments in the
test chamber on the roof. '

1

4.6.4 Thermal Network Analysis

LT.he thermal networks of the models in Figs. 4.17 a and 4.17 b can be
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- analyzed with the methods of Chapter II. The heat transfer rate q from

point a to point b is related to the thermal .resistance, R, between the

two points and the temperature difference between them by
R A |
q = J_R__h

'This Has the same form as Ohm's law, i =

(4.18)

,150 q, R agd‘T are

analogoug to electrical current, resista ce and vo]taqe respectively.
During these experiments, the room surrd nding| the test chamber had a‘
near constant temperature of 30°i_0.57C.
tempéfature around the test chamber was |negligible (0.2°C), while the
‘'vertical gradient was 1.2°C, so uniform wall fempe ature were used in the
simulation. The air inside the test chamber was thoroughly stirred with
.a .fan to ensure ’uniform%ty' of . temperature and horizontal temperature
gradients were unmeéghrab1e while verticalfgradient were only‘about 3°c
per 2.44 & height. We. therefore used‘a unﬂdimensional thermal'analysis

1 \ i
for each wall. Because of the copper, stee1\and water storages, however,

the overall problem is twojqimensiona1“(fig% 4.14 b).. Similar to the
procedure described in Chﬁgter II,the imp1ici£ representation of a one-
dimensional transient state heat transfer -to or from a node i using the
fin{te-difference approximation is

2

Ti+ IoaigTy=by , B R C A )
J=
t p ,
where ‘ - ‘ .
ajj = - 'Ny/Li Ryj - ’
) , N '
N

bj = (Ti/L1) + (Ngny /L)

-and the parameters Nj, L1,'aﬁd Ny are given in Eq:. 2.52 of Chapfér II.

' b4
]

he horizontal variation in air~’

e e e e ey
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‘Applying Eq. 4.19 to each node of the system will result in a set of n
equatioﬁs in n unknown temperatures i.e. for the therfmal network shown in

[

‘ficj. 4.14 a, the set contains six .equation's

Tl' + 32 Tz' + als TS' (Tl /Ll) + (Nlnl /Ll ) ‘ . .

Lora, Tt ay, o= oA
AL N (Ta/l'a)‘ o | (4.20),
Lre, T = ALY W AL

‘ TS' ta, Tl' ta TG' = (TS/LS)"., |

J Tt T = (T :

. where ny = 2.5 Kw (the heater power for the heating experiment) and n, :

(TamB/Rll-amb)' " . The initial temperatures used were the initial

1

.. temperature measurements. The solution for the .future temperatures "was

obtained by using Gauss elimination. ,
Py . .’\ -

Further, ﬁe calculation is checked using the heat bal ance given by

Eq. 4.17. The rate of heat stored in the system during the time interval

» .

AT is then obtained from : n

where ng is the total number of nodes in the network {i.e. ng = 6 for the

2

" thermal network shown in Fig. 4.14a) the rate of heat loss at the

.;Q_n = ﬁ4 "—Tamb) / Rg-amb . ' . (4.22)
where TT; and ﬂmb are the 'avérage temperature ddriri{;' each time increment

for the external surface and the ambient air respect"ively. In any time

k4 .

increment Q = Qg¢ + Q .

- N \

o ’ T
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" Node \ - Temperature Thermal Capc1ty, Kw ' hr/K
. K . In1t¥a1 Best fit
- ® room air . n lc1) 0.012 0.000518 " .
wall internal surface Ty (Cp) 0.092 0.0832 . ~ ,
wall bulk, T3 (C3) 0.226 0.2176 -
' wal] external surface. T4 (C4) 0.092 ~  0.0932,
" copper tube surface Ts - (Cg) - — 0.0001 .
copper tube bulk ‘ T6 (Cg) 0.0163 0.0191
steel beam surface ' 17 (C7) — _ 0.000% i
-~ steel beam bulk Tg (Cg) 0.0168 0,0140.
. water barrel surjface \ T (C ) 0.0001 - s
watér bulk =~ 2¢N 7 Ty (Clo) 0.156 0.139 °
, ambient air o T NP _ ' Yo
' ) : FRRORR 13 " - - - - ‘u [
a) Initial and final values of thermal capacities - -
. R ) . , . '
Iy y .
. ° . . «
2 . N -
- : : — : .
T VA Thermal Resistances m.K/w
Node N - i
N Initial = Best fit
wall internal surface layer (R1) 1.96 . ~ 2.48 ,
wall internal surface-wall centre (Rp) -23.3 23.92 ol o,
(wa'l] centre-wall external surface (R3) 23.3 ~26.92 ¢+ '
< wall ‘external surface layer . (R4) 1.96 2.30 7
‘@F copper surface layer d . 30.8 36.61
. copper bulk (R5) 0.009 0.005¢
steel surface ) (Ry)" 31.5 32.5.
steel bulk (Rg) 0.06 . '0.042 . .
water barrel surface (Rg) 59#3 ~ 57.8
- water bulk ~ (Rig) 106.1 119.83. '

v ? b} Initial enq ﬁ*ga] values of'thermql

“% Table%.3: Initial and final values for the calculation -
e of the room effective thermal parameters. '

~

a) Therpal capacitfes, b) Tl

\

herma

resis

resistances .

tances,
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WINBOWS TESTING CHAMBER : PLAN
Horizontal section through the test chamber

Fig. 4.1
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Inaside

2 ,
;f = 7 9.4 mm weather-treated plywood
A . ' -
;2 % 50 mm stryrofoam rigid insulation
E; 4 building paper
A 7 <V
- % : 6.3 mm plywood

- 25 mm air space
>
- /i 6.25 mm fiber glass insulation
' {4, vapour barrier 4

9.4 mm plywood (painted)

' - ¢

a) Layers of the exfternal wall panel . \

. v . N

6.25 6.25 12.5 6.25 mm

- T e
‘ . /’ 3
1 ) )
o L
\ M a - \\
« ° 3
%0
- \ !
N
] ,
e - air space - A :
Y .
N 5 | )
I ml e '
—f o
” M %
. L 5 {
| w0 N
\ " o 3
" ‘3 a0
B o’ [}
o - o - H&
. /7 -
. [V .
4 1 4t
Ny ! '
ag . Y - v—

N , \ 4
b)- Layers of single, double and ttiplé glazing.used'
{

" *ig. 4.4: Vertical section through external walls and windows
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a). Solar s,enso.rs used for measuring total and diffuse solar
radiation on the horizontal surface -

'

You

e A

f - »
b) The Bendix-Aerovane wind .speed and direction instrument
" used for wind measuréments near the test chamber

'
-

’ fig‘. 4.5: Rac\liation'. and wind, instruments,

\ N . . .,
. P




Fig. 4.6a:

‘ Fig. 4.6b:

v

.Solar cells #5 and #6 (back-to-back) to measfre transmitted
radiatior} and rddiation reflected from the room

pllalii e

The temperature digital displayer is shown on the left-hand

) ' N
side, solar chart recorders and the wind speed and direétion, ' ‘
- in the middle and the wind speed companion’ synchro on the right - °
" hand side . ) ] ' ' :
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Fig. 4.7a:

EASTERN STANDARD TIME

A sample of the measured global radiation on the external
-surface of the panel while it was facing due south (Jan. 20,
1980).
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Fig. 4.7b: A 'sample of the measured global radiation on the.external

surface of the panel while it was facing due west (Feb. 8,
1980). : ’



~ LT CLLITTITITTI T .
Cwol ... T I DIl L L
00L & ol e s T e - e e e e e ——
o 13 R Y N B SRS 1
= 800L - - e kA i v t——— = - - -
o 0L |- i - emee e c— -
=2 400 . - S e emeneite LS 3
) 300 L i = = - o = e e = e = =
=10 bk |- e L . D et en o e e eme e = o —— ey = =
000 3 —T7 N = ™ ~ M
. k J romwerma m e arv gt JCw e I S R S RN S R e T e IR AR M I o J W 5%’

‘IIA'IIIIL_L‘

| ST T R N

JA[I[J’I'LL]!'I!JJII[
2 2 3 4

EASTERN STANDARD TIME

10 i

radiation on the external
s facing due north (March

4.8a: A sample of the measured global

surface of the panel while it wa
1980) . , :

" Fig.

e N R o

MR
re

WIND SPEED, m/s.

Fuao

S -3

3Q,

_south |
Least .,

-

| A |
- =
0

WIND DIRECTI

Fié. 4,8b: A sémple of the measured wind speed and direction.

'
¢




- 33 .
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Fig. 4.9: location of the thermocouples distributed on the external ami
internal‘ surfaces of the window and the wall panel.
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CHAPTER ¥

RESULTS AND DISCUSSION

5.1 INTRODUCTION | | ‘ | - ‘

~

The mein objectfve of this chapter is to Qiscuss‘and\to review
eofh the ca1cu1ate'd and che measured results obtained from this stu-dy.
We focus on the -following asbectS' i) ’the basis for determining the
.opt1ma1 window-to-wall area rat1o with respect to energy gain or loss;

11) the impor tance of the therma1 storage capacity in- the room for

‘determining the opt1mum window-to-wa'l'l area ratio; 111) the compar_sp___,

between the calculated and measured\temperatures of windows and walls; .

iv) a. deétailed discussion of the calculated and measured net energy
loss or gain from windows and waH‘;s;, v) the impact of t.he- window-to-

wall area ratio, window orientation, and the'type of glazing on the

amount of energy savings from daylight; and vi) the net energy gain

from replacement of electric li'ghti.ng' by daylight combined with the E

| losses through the glazing, and the impact on choice of window- to-wall

area ratios.

5.2 The Basis for the Deterlinaf‘ion of a Window-to-Wall Area Ratio for .

Hinina] Consumption of Purchased Energy

[
factors, such-as:

i) The particu]ér goal of the designer: For example the
| designer can choose a single goal, (i.e. minimiza‘ti'on of

heat loss by cond‘ucti_on,minim'lz'ation of heat lose ‘associated )

AN

The optimal window-to-wall "area ratio is . dependent on many

3
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with air fnffftration, maximization of .energy savings
through the use of natural 'dayliéht) or a combined gba]
(i.e: minimization of total energy loss, maximization of
- total energy gain, or .maximization of the net energy gain).
The present study ,hag a combined- goal which 1is the net
energy gain or Toss of both window and wall. This is the

sum of the energy gain from solar radiation, the reduction

in electric lighting use from utilization of daylight, the -

possible increase in space heating energy use because of the

- higher luminous efficiency of daylight, the conduction, con-

véction, and radiation 1ossé§:4ahdr;};*;;¥f1trafion 1osses

on a sunny winter day. ‘Note that in summer conditions, the

" Juminous efficiency of daylight becomes an energy asset
P4

while solar gains increase_the cooling energy requirements.

Summer conditions were not' studied here.

ii) The variables taken into consideration: The variables

involved in this study can be classified intd two groups: a)

desigh variables, which repfésent the thermophysical proper- )

- ties, optical properties, and, the geometry of the window and

the wall; b) climatic variables which represent outdoor air’

temperature, intensity of solar radiation,wind speed, and

wind ‘direction.

ii1) The architectural conitraints imposed on the design by
the construction materials used: These constraints have an

impact on the optimal window-to-wall area ratio because' of

.
~>

-
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the losses through the specific type of glazing and the.

specific wall construction.

iv) The impact of building codes: Despite the fact that
building codes are often independent of energy calculations,
structural limitations, acéoustica] limitations, the spacing

and height allowed for neighbouriﬁg buildings, and the
PR

reflective propergies of those facades can affect the

optimal window-to-wall area.

.v)' The impact of the time span for the calculations: The
time span for the energy calculation has a significant
1mpact'on the resulting optimal window-to-wall area ratio.

" The time span cdn be a "typiéa1” winter day, a “typical"

summer day, a “typical" month,y.é “typical" season, or a
'“typical“ year. 'Depending on the designer's objective, the
, appropriéte time span can be utilized with this medel. Both

the thermal and daylight nwde]g, that were presented in
’ chapters IT and III respectively, were stfuctured to calcul-

ate hour]y‘energj gains and losses for any given timeqspan. » ) (\\'

The time span for the present‘stu&y was determined according to
'several factors. In Montreal, dué to the relatively long winters, it
is necessary to use heating in all buildings for about two-thirds of
the year. A]so,‘in the winter, the 1ns1de3;;tside air temperature

diffgrence is several times greater than the difference in the summer.

Cooling is used only in some large bdi1d1ngs. A large portion of the
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»

" cooling load in these buildings . is needed to offset the internally

generated heat (1ight1qg, equipment, and peob]e), and humidity which
are independent of the window-to-wall area ratio. The onqy significant
portion of the cooling load that is affected by the window-to-wall areé

ratio, is the solar heat gain, which can be avoided partially or fully

through the use of solar control devices (i.e. reflectors, shades, and ,

shutters). One of the objectives of the case study of section 5.8 was

to apply the thermal and daylight models to compare the net energy gain
or loss of a wall panel or a péne] with a window. Since the winter is
. t;; season in which tﬁe energy gains and losses are more apparent, the
case study will be exaninéd under winter climatic conditions. In order
to test SGadifferent panels under similar winter conditions, during one
winter season, the .time span chosen for each test was ‘24 hours.

Accordingly, the time span chosen for the simulated case study was a

typical winter day (a clear January 21st).

5.3 Importance of the Thermal Storage Caﬁacity of The Room

' Therﬁgl stbrage in the ﬁass of the room was -ignored ‘in the experi-
‘mental validation of the model, because of the‘Wight construction of
‘the rotating test room. However, the storage of surp]ul‘solar heat
transmitted through the window 1s an 1mportant factor jn the determxn-
étjon of the appropriate windpw—to-wall'area ratio. In the case of a

non-air- conditioned room with too little thermal storage, the surplus

il

heat‘gain 63uses thermal discomfort. With sqfficfent storage, and the.

proper number of window panes to reduce,idsses, the optimal wjndpw?to-

-
e et
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wall area ratio can be larger.” In the case of an air-conditioned room,

4

the surplus heat gain will not cause any thermal discomfort but will

v . ¥
Jncrease the energy consumption for cooling.

’

Thus, the appro'prjate window area, in an air-conditioned room, fis
that'which provides enough solar heat gain to offset the heat loss by
conduction and in;ﬂtration withou;cp raising room temperature.
Similarly, if the internal heat ,gains exceed the heat losses, energy

consumption for cooling increases. This situation was observed in

+

January during the experiments with the windowless panels.

A\
In order to utilize some of the solar heat gain with air-condit-

1on1ng;_ thermostats with a wide dead band are required (say 19° {o

. P

23“‘C).' Then, with neither heating or cooling between 19° and -23°C,

solar heat gain is stored in the mass of the room and can be utilized

Pa?ter sunset. Another alternative is to pass the surplus heat from the .
ducts. For instance, the morning surplus heat gain in easterly
oriented rooms is transferred to westerly oriented roonis and vice versa
in the afternoons. Similarly surplus solar heat gain from southerly

oriented panels with windows can ‘B\e\t(ansferred to the' northerly

. f
. oriented .rooms during sunny winter days. Thu?;‘épéce heating costs can

be reduced and larger window-to-wall area ratios can b&-wused.
Cansequently, sélar heat gain on cool sunny days can be utilized with

normq‘r thermostats.

sunlit rooms to the o'ppbsite side of the building through special * ,

~
o,
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5.4 omparison Between Simulated and Measured Tempera o5’ the
Rotating Test Chamber "

-

H

In each experiment, the temperature variation over the external
-and “internal surfaces of both the window and the wall panel were
measured. A total of 34 thermocouples were used, half “inside and half

outside distributed as shown in Fig 4, 9 Since the temperatures of

intermediate 1ayers were not measured the comparison was 11m1ted to ‘ ./WJ**/fj

T

the external and internal surfaces. For example, comparisons bgtween

the simulated and measured temperature variations in time for external

and internal surfaces are shown in Figs. 5.1 to 5. Gsfor the three types A
.of glazing and for window—to-wa11\area ratjos of 0. 25 ‘and 0.75. Ihe
simutated and measured temperatures are generally in>good.agre ent.
‘}he.uorst'dffferences‘oceur when the temperatures‘are‘éhanging rapidly
,,and part of the window is shaded for doubfe and triple glazing. Then L K
//rthe curve lags the experimental talues in time. The most 1ikely cause '

of this effect is 'very complex pattern of small‘ convection eddies :

between the glazinp panes. As shown ih Fig. 5.8 the spatial distrtbut-

=

L

ion of surface temperatures on the w1ndow is very complex when part of

/ R
-5 ) .

the window is shaded. In the simulationﬁ spatia]]y uniform convection ,

SR
SRR

g it

was assumed between glazipg panes. 1In addition, the ca1cu1ated temper-

i
e

atures are based on assumed uniform boundary conditions at the window-

LY.

to-wa11 pane] interface. During the experiments, the glazing boqndany

. temperatures were found to vary by as mugh as 4°C. - 4 d

¢

As expected "in all cases, when the test wa11 pane1 was exposed to n

direct solar radiation, the external temperature of'the wabf'has much /,
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higher than the external temperature of the window. This is caused b¥
two main- factors:’ i) the -sdlar absorptance of the dark wood surface of
the wall is about seven times that of the glass. i) The thermal A

resistance 'of ,the wali>is 24 times, 10 times, and 7. tipes greater than

o 7 - - \
LN

the thermal resistance of “siﬁgle, goub1e, and ;ﬁip]e glazed windows

. s
+

respectively.

LA
w

Double and triple windows show an additional therma advantage in
[}

‘transient calculations when, the storage of heat absorbed from the
- ﬁ i " Vs ’

incident solar radiation is taken into account. As ‘shown in Figjs. 5.3

and-5.6, the heat absorbed caused the average temperature of ‘th‘e‘ inner
swrface of the window to be warmer than the inside air temperature,
even When the ouiside air temperature waﬂst30'C lower than the room air
ter?ﬁgratute This reverses the direction of the heat transfer by con-
ve(.\tlon and radiation at the inside surface. After sunset, the stored
heat replaces somz.’of'\the purchased heat. As a result, the daily total
solar heat gain is increased. A steady state c;‘ﬂc’:u]ation could not
reveal these effects. As shown in the figures, the transient simulat-

Jdon agrees well with: reality, The average temperatures do not reveal,

the whole story, however. When triple glazed windows are partially

-shaded, two opposite directions for the heat flow were found ty’exist

3

at different parts of the internal surface for a few hours near noon.

"The interna®™surface tempé#ature within the shaded area was f?'und to be s

. below room air temperature, while tHe rest of the 1nterna1 surfaqe was

o

warmer than the room air. Due to large ms~ide - outsu‘le air t:emper-

ature differences during these experime.nts (30° to 40°C), the reversed

irdn

SR S S

/|
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heat flow was observed only for triple glazing. On milder days, the

same effect should be observable for_ double glazing as well.

s t

5.5 A Comparison Between the Simulated and Expermental Energy \
Gain or Loss - !

. The hourly simulated net eneréy gain or lods from each tested -
panel was compared to the net energy gain or loss opbtaineg from

monitoring data. Good agreement was found between the simulated and
‘the experimental values.. As an example, the ten cases examined for the

south orientation are shown in figs.' 5.9 to 5.18. Part-of the small

differences betweeh simulated and experimeritaﬁ net energy \gains or

&

Tosses arises because mputs to the simulation were assumed constant

-

fqr each hour, while the hour]y expenmenta] inputs were totals for .

each hour which reflect minute by minute changes. N .

TS

~——

For 0.5 window-to-wall area ratio and triple glazing the daily
Wy .

total heat is slightly positive (Fig. 5.184) even for a temperature

t

\reaching -14°C at night. On milder days, a net gain from double

/f wintows would have been found. Had there been no changes for the 0.75

[4

. window-to-wall area ratio, thebsame results would have happened. For

" 0.50 and 0.75.ratios and triple glazing the gonduction convection and

~ radiation losses become gains during part of the sunHt hours.  The

- same 1s true for the solid panel (0 0 ratio). In some days 1nfﬂtr-
at'&on losses are larger than conduct‘ion,wconvection and radiatwn

losses. On other days, theéeverse 15 true. . ¢

3 - . * L}
- .

.y 4
. hd . ]

"y . . 4 $
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5. 6 The Effect of Window-to-Wall Area Ratio, Glazing type and
Orientation on Energy 60nsuapt1on

The daﬂy net energy gain or loss from -each of the thirty tested .

" panels was ontained both from experiments and simu]a{tion: The experi-
mental daily net flows are displayed as a function of window-to —wa]i
area ratio for the south, west, a‘nd north orientations in Figs: 5.19,
5.20, and 5.21 respectively. On c]oddy vginter days, we. know that the

daily energy losses -should increase as the window-to-wall area ratio

Ve increases. ' On sunny winter days, solar gains through south, east, or

~ conduction, convection, radiation,. and air infiltration. In five of

L T the measured cases, the daily heat gains were posigive. The daily

\

S 0.7% wind.ow-to—waﬂ .area ratio provided sur;;rus energy gain. The south

facing triple 'glazed window for both 0.50 and 0.75 area ratios “showed

'higher surp] us energy gain than the double glazed window. Similarly,

>

“due west doub]e and triple glazed windows (F1g 5. 20) showed a surp]us
s

] rat the 0.75 area ratio. In.winter, all north windows are net losers of‘;'

. energy (i-;ig. 5.21). : ) .

Al

4 The experimental relations b‘evtweén‘windowa-to-wah area ratio and
the net daily energy Qain.or. 1oss‘aré 1nf'|ue.nced by weather differences
from one day to another. ‘Des'pite the facﬁ that all experiments were
conducted under mostly sunny conditi‘on's, the intensity of solar radia-
tion from one day to another was inﬂueﬁ’éed by, atmosphéric conditions

/, / and the small clouds passing from time to time. Mof‘eov‘er, the' daily

west windows compensaté ei sher par\t‘iaﬂy_ or fgll,y for the loses due to .

energy gained from south and west facing double glazed windows having a



L T
profiles of the wind speed and direct/ion“,‘,&iffer from one experiment to

another, changing the heat losses by ‘convection and infﬂt{r’ation. - The
ambient air temperature profiles also varied from day to day affecting

-~

all - the heat 1os§es.

To cfarify the roles of window-to-waﬂ/ area ratio, glazing type,

and orientation in heat losses and gains, the simulation model (al ready

“verified) was used to calculate daily net losses or gafns under iden-

tical weather conditions for each of the thirty experimental configura-

tions. For simplicity, a completely clear design day with constant

“"\
wind speed and direction was chosen.. The profiles chosen (Jan. 21st)

| for outside air temperature, wind speed, wind direction, solar radia-

tion intensity anhd indoor air temperaiur‘e are given in Table 5.1.

The individual components, total daily solar gain, conducﬁon\and'
infiltration 1o§ses for south, west, and north oriented windows and

panels are shown in Figs. 5.22, 5.23, and 5.24 respectively. For

‘constant wind, and outside-inside temperature difference, the infiltr-

N

ation losses- are proportional to the perimeter of the window and not to
the area. The conduction curves are also not quite straight lines

because the sideways losses are perimeter dependent.

Net daily gains were calculated for three separate cases to
emphasize the 1nacurac1es inherent in todays window design calcu]aﬁon

methods, where infﬂtratwn losses are either 1gnore‘q or not 'related to

_the net daﬂy gains frun windows.

B . ,

For Case A, infiltration {is- ignored. For Case B all of the
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Constant paraméters.

Wind speed : 3n/s, ' .
Wind direction: 0.0 nbmal to the surface '
Air temperature: (20°C) room air and(outdoor air -6°) frame

Variable parameters: R
) ‘ ,
Outdoor air Solar radiation W/m2
Hour | temperature, >C South West <« North
1 ~16.0 0.0 0.0 0.0
2 -16.0 0.0 0.0 0.0
3 -16.0 0.0 - 0.0 0.0
4 -17.0 0.0 0.0 . 0.0
5 ~17.0 0.0 0.0 0.0
6 ~-16.0 0.0 0.0 0.0
7 -14.0 0.0 0.0 ‘0.0
8. -13.0 150.0 9.0 9.0
9 ~13.0 525.0 33.0 3.0
10 -10.0 750.0 - 4%.0 49.0 .
11 ~-11.0 870.0 - ~58.0 58.0
- 12 - 9.0 910.0 66.0 61.0
13 - 8.0 + 870.0 203.0 57.0
14 - 8.0 750.0 412.0 - 48.0
15 -10.0 525.0 485.0 3.0 .
16 -11.0 150.0 229.0 9.0
17 -11.0 0.0 - 0.0 0.0
18 -12.0 © 0.0 : 0.0 0.0
19 -13.0 0.0 9 0.0 0.0~
20 ~13.0 0.0 0.0 0.0
21 , =14.0 - 0.0 0.0 0.0 .
22 -14.0 0.0 0.0 0.0
23 -15.0 ° 0.0 0.0 ~ 0.0
fa =15.0 0.0 6.0 0.0

' TABLE 5.1: Weather data for the typical design winter day

;o

il -
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infiltration losses are included. For 'ﬂCase ¢, only ihfﬂtration losses
beyond required ventilation were included. [

\ .
For some types of glazing, with south, east'or west orientations,

there is a window-to-wall area ratio which gives zero net daily gains

for this design day. This window-to-wall area ratio will be referred

"to as the energy balance ratio. For the south window in Case A, as

shown in Fig. 5.25, the energy balance ratio for a single'glazed window

-

wis 0.64 in this particular case. For Case B, with full infiltration,

~singte pane windows lose energy at all window-to-wall area ratios.

Similarly, for double and triple glazed south windows, the energy

balance ratio shifts by 0.3 between Case A and Case B. The net daily

" energy gains or losses from panels with wes Lm‘ndows are shown in Fig.
5.26. Unlike south panels on th¥7Clear ary 21st the solar heat

-gain provided by west panels with any of the three types of glazing was

insufficient to overcome heat Tosses at any ratio. For Case A, the net
daily gain fJom p’anels with a triple glazed window, at any r;atio is
less than the energy loss of a solid panel. However,‘ this is not true
for Cases B and C, which are more realistic. One must wait for longer
days in February or March to achieve a net daily gain for east and west

windows. For all three cases of triple glazing, the net daily losses

- are nearly independent of window-to-wall area ratio, between ratios of

\

0.25 ‘and0.75.: For panels with double windows, the variation of losses
'1n this range is small. On-the east/west equsurés, larger windows
impose on‘1y a glare penz;]ty, \not an energy penalty. The daily net
energy gain or loss from panels with windows fac‘iqg north is shown f{n

Fig. 5.27.  As expected even with no c16uds. all north windows lose
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enefgy on the chosen "typical" design winter day (Janﬁary 21st). At
-area ratio of 0.25, panels with triple glazed windows lose nearly as
.ﬁuch.energy as those with double glazed windows iq both Case A and Case
B. At area ratio of 0.75, the difference\{s greatérhbut probablyhnot

enough to justify the initial cost of triple glazing even on a clear

day.

To conclude, on a sunny Janﬁary 21st, panels with double or triple
glazed windows facing due south have not only less net daily energy
loss than the solid panel but also show a surplus energy gain. Facing
Qest, only péne]s with triple glazed windows show less energy loss than

<

the solid panel. Otherwise, the solid panel has the least energy loss.

5.7 Daylight Energy Benefits

Additional energy benefits from windows can be obtained when
natural daylight is utilized as the main source of illumination so that
the use of electric lighting cin be limited to the times.wqén natural
daylight received in the room falls below the rgquired level of
111umjnation. As was indicated in Chapter IV, the fota] number of
Iampg'needed to brovide the required illumination in the rotating test
Chamber were six, each providing illumination of 125 lux (at the chosen
reference point). Therefore, whenever the natural daylight
i1lumination inside the room, at the chosen reference point, was over
. 750 Tux, the six-lamps were off, resulting .in savings of 0.24 Kw.hr
each hour. For illumination between 625 ahd 750 lux, 5 lamps were

automaticaly turned off, etc.

» >
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25% Glazing 50% Glazing ‘ ‘ 75% Glazing

time :

" |Single[Double(Tripie| Single Doym Triple| Single|Double|Triple

8 | — | — — 1. 4 1 1 2 1 1

9 2 1 1 4/ 3 3 6 5 4
10 | 4 3 3 6 6 6 6 6 6
11 6 5 5 6 6 6 6 6 6
12 6 6 6 - 6 6 6 6 6 6
13 6 5 5 6 6 6 6 { 6 6
14 4 3 3 6 6 6 6 6 6
15 2 1 1 4 3 3 6 5 4
6 | - | — | — 1 1 1 2 1 1

7/

TABLE 5.2: Hourly daylight energy savings expressed in tems of the
number of lamps that were turned off. (South window)

25% Glazing 50% -Glazing 75% Glazing
time ;

Single{Double|Triple{ Single[DoublejTriple| Single|Double|Triple
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TABLE 5.3: Hourly daylight energy savings expressed in temms of
the number of lamps turned of f (East/West window)
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25% Glazing 50% Glazing . 75% Glazing

Single{Double|Triple| Single|[Double{Triple| Single{Double|Triple
F 2

[
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" TABLE 5.4: Hourly daylight energy savings expressed in terms of
: number of lamps ‘turned off. (North windows)
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For the design day used (completely cle‘ar sunny - January 2lst) the
daylight illumination from single, double and triple glazed windows
with area ratios of 0.25, 0.50, and 0.75 was calculated at hburU
intervals. The illumination at the reference point from panels with

south facing windows is shown -in Fig. 5.28. The daylight illumination

levels triggering the shutdown of each"consecutive tamp is also shown.

At n05n, all 9 panels with windows give more illumination than six
lanips. I11umination at the reference point from windows facing west

and north are shown in fig. 5.29 a) and b) respectively. For the west

oriented windows, the maximum illumination was vreceived in the

afternoon. Only panels with single or double glazéd windows and 0.75
*ea‘rat‘io provided more than 750 lux at n;aximum i]]uminationv. all
north facing panels gave less 1'11um1'.nation ‘than the required leyel
throaghout the design day. For south, west, and north facing windows,
the number - of lamps that were switched off every hour are given in
Tables 5.2, 5.3, and 5.4. The corresponding lamp energy replaced by
‘daytht as a function of window-to-wall area ratio, glazing type and
orientation is shown in Fig. 5.30. Note that the effect of type of
glazing may not result in a sufficient difference 1’n. the daylight
i1lumination to turn off an additional lamp. As an example, the dng]e

and triple glazed windows at area ratio of 0.25 and 0,50, and facing

“south.

5.8 Thermal and Daylight Combined Effect on Window-to-Wall Area Ratio’

For every type of glazing, orientation, and window-to-wall ai'ea,)

0

. v -
.
I ’
/ . R
. .
. B , .
.
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ratio,” the daily e]ectric"iamp energy displaced was ‘added to the

corresponding net daily thermal gain or loss on a clear January 2lst.
The combined effect is displayed for the south, west, and north orient-

ations in Figs. 5.31, 5.32, and 5.33 respectively.

For a south panel with single glazing on this day, a false
impression of net energy gain is obtained when infiltration s, ignored
(Case A). Again, the extra energy gain for the triple over double
glazing is small and probably does not justify t:he extra capital’
expenses. For west windows, all panels show net 10ss on this day. The
addition of lamp energ)" savings keeps losses for panels with triple

glazing close to those for opaque pa‘nelsv in both Case A and B. The

‘im'pression of slight energy advantage for larger windows in Case A dis-

appegrs 1in Case B. Here, ‘the case for triple glazing for larger

windows is still not compelling. For north windows, as expected all

panels showed a net loss for a clear January 2lst. _At window-to-wall
area ratio of 0.75, the extra losses due to air infiltration were about

10 MJ, for each of sing]é, double, and triple glazing.

A]

Similarly, the electric lamp energy disp]aced*u'nde( the C.I.E.
overcast sky which does not vary with time was calculated and then
added to the..correfp;idi'ng net aaﬂy thgrma1 gain or loss. The ambient
te;\perature and wind profiles for January 21st, 1980 were used. Under
overcast  sky ‘conditions,the thermal and daylight ca]cu]abt'l,ons are
independent of the window orientation. The daily net energy gain or
lbss,was,cﬂculated taking into account the electric lamp em/argy'dis-

placed. The net losses (shown in Fig. 5.34) were only slightly larger

-
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than thase for .the north ‘pane} on the clear January 21st. For a
diffuse overcast sky, more energy 1s received but less illumination
‘than for the diffuse light from a clear sky. The extra energy, that is
received from a north facing panel, is neaﬂy compensated by lower lamp
energy displaced. Thus, we can simulate domp1ete1y cloudy per1ods with
the north window clear sky calculation to an acceptab'le accuracy

Complete seasonal calculations, however will have to be postponed untﬂ .

the partly cloudy sky model is well validated.
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Fig. 5.30: Lamp energy replaced by daylight as a function of window
to-wall area ratio, glazing type and orientation.
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i) In res'ponse to the need for a more precise thermal model' to

L%

B - .. CHAPTER VI ' ' '

CONTRIBUTIONS, CONCLUSIONS, AND REcpi«ENDATIQn‘
'FOR FUTURE RESEARCH -

* . . " 6.1 CONTRIBUTIONS

Contributions in the field of the thermal and day! fght per formance

windows that were obtained in this study can be summarized as

analyze the energy loss and gain through windows and external
walls, a transient) three-dimensional finite difference model
has been developed. The 1implicit formulation of the finite :

difference method was used to ensure stable solutions with

hourly inputs to correspond with Environment Canada Weather .

Data. Heat storage in the mass of windows and walls 1is account-

ed for. So is sideways heat flow at the w1ndow frame or between’

.t

panels. While it was .not reqmred here, temperature‘ stratific- .
ation inside buﬂdmgs can be handled The con'vection at the
external surface is ca]cu]ated by the use of a variable convect-
jon coefficient to account for the variation of wind speed, w1nd

Y.

direction, and outs1de air temperature ‘with time. - A]so‘the

?@t by which the window 1s - recessed char\ges the ° thermal
‘1b¢se |

ses. .
2

!

The technique of Kerr [218] and Shap1ro [219] for the determm— )

.ation of infﬂtration through monitoring and simulation was

extended ‘andtref'ined. The empjrica] formula obtained for air
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infiltration as a function of wind speed was used in the/ =

. estimation -of:energy losses by air infiltration in the thermal

‘model.

i.1i1') .A practical method for . the. deterfiination of the cnnvedtiog
cn‘effiéient at the external surface as a function of wind speed

and direc}jon was developed. This nefhod is based on full.scale

- field measurements. A correlat‘io’n between the surface convect-
N | . jon coeff1c1ent and w1nd speed for e1ght ma.]or wmd d1rect1ons

_ was determmed and used in the thermal model .

'

iv). A multn«purpose rotating w1ndow and wall test chamber was buﬂt
: to s1mu1ate a typical room’ w1th one waH exposed to the outs1de
In the present study, the test chamber was used in qu sca]e

' field measurements of energy gains and 1osses through external

waH pane1s w1th w1ndow—to—wa]1 area ‘ratios of 0.0 0.25, 0.5,

three of the main compass orientations:

v : A . -

v} In response ‘to the need for atime dependent dayh'ghi: model for
, accur‘ate determination %f the natura‘l' da;y"light mm@ﬁ&
_inside a (oom at any given tme a time dependent versmn of the

C [.E. method of day]ight calculation (the daylight’ f‘actor) has

\ S been developed Both the sky and reflected components of the

dayhght factor have been calculated as time depéndent com- o

ponents using either the C.IL.E. ‘overcast or clear sky <luminance

,d'1'str'ibution. ‘Both of these distributions are non uniform wi th

. . and 0.75. S1ngle doubTe, and’ tnple g]az_mg were tested for ,

\ .

" elevation and s represent reality much better than the uniform’

’

P . - !
. «
N . -
. . . ' " [ .

—
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sky. With ~the resulting variable daylight factor,, we can

) R .
calculate different room i]lum{inatiohs for different days,

hoﬁrs, Iatitudes and'v;indow orieptations. Thus we obtain much
better prec1s1on than previous au'thors. For completely clear or ‘
comp]ete]y c1oudy days, ‘these- daylight calculations can be, com-
bined with hour-by-hour thermal calculations for buildings in a
reah‘st‘ic w::ay

A ca1culab1e dayhght model for partly cloudy days has also been

postu]ated and partlyovahdated If it sqrvwes further valid-

at1on, a, reasonably accurate method for‘calc-u1ating _annual-

B eNergy \avmgs through 0pt1ma1 use of daylight will be poss1b1e

In th1s modeﬁ, we accounted for the non- 11near1ty of the illumi-
natmn of parﬂy cloudy skies as a function of cloud cover by
1ntroduc1ng a br‘ightness factar that is dependent on the cloud

cover.’

" The variab]e daylight facter was combined with the trahsient

' ‘three d1mens1ona1 finite difference thermal mode1 to calculate

net daﬂy energy gains or losses through vertical external wall

panels as a function of window-to-wall area ratio, compass

\orieAntation, and number of glazed panes. The simulations were
\va'h'&ated with measurements on clear days using the rotating -

* test chamber and four different wall panels for south, west, and,

. &
north orientations. |

The ‘daily energy gains included solar heat gains and lamp energy

l"disﬁhced by daylighting. The daily eneréy losses inciuded

*
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" conduction, convection,” and radiation 1losses through . the

external wall panel and air infiltration losses. The criterion

" for lamp control was'-to majntain 750 lux gownward on a point, at

v} A )
- desk height, and_2‘me9ters from the glazing. Direct beam {1lum-

vii)

Based on the thermal "'"and daylight mod'e1st,1 two computer codes

ination was not included in the daylight calculation except
where it increased the luminance of exterior surfaces.

&
To compare the impact éf various changes, a series of gimulat-

n

ions for, a typical deslign day (clear Januar)/ 21st) were con-

P:

ducted along with a parametmc study to shOw the impact of eight

important parameters on the “sky and: re’f]ected components of the

°

variable day’]ﬁght factor

[

\ A .

A

were developed and validated.

a) The FDIMP prog?am (a fi_nite difference. three-diménsion trans-’

ient model using the implicit formtj]ation) has\ two ‘versions
one for single, double, and triple wmdows, and the other for
multi layer opaque wall panels .and pane]s with windows.
This program calculates’ fhe , temperature distrfbution‘ of
various layers, the rate of heat tran'sf°er * the rate of heat

&>

storage, and the rate of heat loss associated w1th infiTtr-
e N :

ation. The rate of so]ar heat gain is ca1cu1ated in the

windows' vetsion.

b) The DFV (the Variable Daylight Factor) program calculates the '

Tuminance distribution of the sky, the variable sky factor

s e ATV A

S e A -
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and the va'riable' reflected tompenent for any"given time
interval. The program also calculates the sky diffuse
1‘]1uminat1’on, direct beam illumination and the total i1lumin-
ation on ekterna] vertical and horizontal surfaces along with

their resulting Tuminances.

6.2 CONCLUSIONS e co

I 9
3

\.1) In the Montreal area, reducing the w1ndow—to wall area ratio

does not always Tead to energy savings on a daﬂy basis partic-
ularly if the window is facing south On the contrary, larger
'windows gain enough solar energy on a c1ea°f’y winter day to
offset t::}‘/energy losses due to conduction and air infﬂtratwn

providing -proper use of the energy gained was affected.

!

ii) During winter, the temperature at the corners of the external.

surface of the window are warmer than the edges ‘and the centre.

on the internal surface, the corners are the coldest part.

-

iii) The heat exchange at the wall panel interface with the surround-
' ing ganels a\nd that at the window wall interface are significant
" {up to 35% of the total heat\f.'loss' in the exper?ments) and should
and sﬁ&tﬂ d be taken into consideration by using? three-dimen-
.sional transient ahalysis ins;ead of ‘the most common steedy

" state unidimensional analysts for windows and walls.

-

A
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iv) The heat stored in the walls and windows showed significant

e

4 —

effect on the time rate of heat flow particularly when they were

.expp‘sed to the direct beam radiation. Therefore, it is essent-

. !

ial to use transient heat flow equations to account for the
impact of the thermal storage capacity of the panel on the time

rate of heatflow.

i \ \

v) The amount of the window recess within the window opening p1lays

an important role in determining the overall rate of heat‘ﬂow
from inside to outside. The position of the w\j\ndow divides the
interface surface of the window opening into /three areas; an
external area which is exposed to the external environment, an

internal area which is exposed to the internal enviornment, and

t

"~ the area of the interface that is covered by the window itself.

}
The position of the window will affect the temperature distribu-

‘tion over the inside and outside surfaces of the wall as well as

those on the window opening.‘. The position of the window also

affects the total so]rar héat gain t!“smitted through the window

, since the shaded area of the window depends on the distance

vi)

between the window and the external edge of the wall.  The

‘th'imal window position in the case of a mu]tﬂayer wall panel

was found to be that position which coincides with the external
layer of insu1ation. ‘

The glazing in the shaded area of the window is cooler than the
rest of the glazing, causing an increase in the sideways heat

flow within each layer.

RN V)




vii)

3

Storage of solar heat in the panes of multiple windows can cause

"the internal surface to be warmer than the room air. Thus,

viii)

insteaci of being a conduitAfor‘ heat loss to the outside, the
window acts at times as.a heat source, radiating and copvecting
hea-t both to the room and the outside. The internal surfa\ce of
a partially shaded window can be subject to two opposite direct-

jons of heat flow at the same time.

The  direction of air leakage .at the window frame has a notice-

.able impact on the energy balance at the edge of the-wall and

the window. This affects the temperature distribution over both

the window and the wall. Air infiltration reduces the window,

edge {emperature while air exfiltration increases the window
edge temperature.  In both cases there is heat exchange between
the air leakage and the window.edges. The air temperature
difference between otuside and inside (T,-Tj) which is currently
used to calculate the heat losses associated with air leakage,

does not take into account the heat exchange at the window

frame. Due to this” heat exchange, the temperature 6f the.

infiltrated air bego:nes warmer than the outside air and the
temperature of the exfiltrated air-becomes colder than the room
air. In order to account for this heat exchange, thé temper-
ature difference jn the case.of exfiltration ’sh‘ould be (To -

Tex) where Toy is the temperature of the air after releasing a

quantity of he&t to. the wigdow frame and wal 1'. In the case of

infiltration, the temperature difference should be (Tins - Ti),

=
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‘where Tin¢ is the temperature of the air after it has gained a

quantity of heat at the window frame.
. \\\ .

Conclusions Concerning the Use of Daylight °

Substaﬁtial amounts of energy can be saved by.proper; utilizatiom

of daylight (up to 6.4 MJ per winter day in this experiment).

. Whenever possitg]e, daylight should be regarded as the main

1ighting source to the interior. Electric,k 1ighting should be

used a§ a supplemental source, turned on only when naturaj "day~

dight fa11§ below, the required level of illumination. Pr‘oper

utilization of daylight in the summer will also reduce the cool-

ing load associated with the he‘a't generated from electric 1amb's.

|

The C.I.E. formula for "the luminance of clear sky ‘gives good
agreement to our measured values on horizontal and vertical

sur\éaces during the first 4 months of the year.

k2
~

North windows were always assumed to receive the least illumin-

S

ation both on an‘nua1 and instantaneous basis. The present study

has revealed that the instantaneous least illumination fs

received by windows at azimuths 90° away from the éun azimuth

when the C.I.E. clear sky distribution fs used.

iv) With the use of the C.I.E. clear sky luminance distribution, we

were able to account for the effect of latitude on the daylight

factor so that identical windows at different’ latitude éhould ‘

give different daylight factors.
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. the back of the room. If the ratio is greater than. 1.0, relat-

vi)
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It s commonly known that windows having a window aspect rati/o

(width-to-height) less than 1.0 provide higher illumindtion at

ively less illumination is received at the .back of the room but
the 'sidehays illumination gradient is reduced:  This ;is only
true if the sky is uniform, but, with the non uniform luminance
distribution of the C.I.E. clear sky, this is not always ?;ue.

For instance, at low sun angles the difference disappear;s.

w

Thé luminance of an unobstructed horizontal plane is commonly:

. § : ,
" used tg{;’calcuhte the exterpaﬂy reflected light from ground.

e

: Th'i’s:/m untrue because it is often much higher than the lumin-

vii)

)

ance of a typical gound surrounded by buildings.” Thus, it is

important td realize that the ground luminance is affected by

the surrounding 6uﬂd‘ings which.block out part of the incoming .

sky diffuse radiation. : ‘
' » BRI . ‘ .
The luminance of external surfaces at times was incfeased 8.5

times by direct -beams radiation from the sun and the reflected

light from Qtr;er ﬁiterna] surfaces. Thus, it is important to

" ,dccount for direct beam radiation in the calculation of lumin-

7

{

viii)

- ances of external surfaces.

’

If the window is fully obstructed, 'maximum illumination is

received throuéh a window facing away frqm the sun (tr_le,

obstruction surface is facing the sun). This is due to the

fact that luminances of external surfaces are often mich higher

than the sky Tuminance.



-

6.2.3

- 305 -

Conclusion Concerning the Combined Thermal and Dayl 1ght Aspects
of this Study

i) The net energy consumption associated with windows should

gaccount for: a) thermal energy loss (due to conduction, convect-

" jon, vradiation, and air leakage} b) solar energy gains, c)

iii)

iv)

v)

reduction in the use of electric lighting when déy'l ight is well-

utilized, and d) the consequent redut-tion in cooling energy.

) For north windows, the energy savings from daylight was insuffi-

cient to offset the thermal energy loss (on January 2lst) .

If the rate of energy Toss through a solid panzﬂ is less than
the rate of heat generated from lamps_in the room, the differ-
ence must be offset by cooHng which consumes more energy than
the w1ndow ehergy 1osses when daylight is utilized. The net
dai'ly losses of East/West triple. glazed panels on a. clear
January 21st were found” to be about equal to those of a solid

panel, because of the daylighting contribution.

Ignoring the infil tration losses ofter; leads to a false impress-
ion regarding the net energy consumption associated with

windows.

Based on the results of the case study, the energy advantages of

triple glazing over double glazing for. windows facing east,

* west, and north was found to be tQTCe as much as that of windows

! 1
facing south., For the south exposure, the reduction in the con-
{ .

duction losses at- the expense of the reduction in the solar heat '

!
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gain by using, triple glazed windowsgnstead of double glazed

windows ‘is'unjusvtifiab]e. In the case of windows facing east,

west, and north the use of triple windows is justifiable. The’

daylight energy benefits"of double glazing over triple glazing

of the same type is dependent on the 1ighting system in the

room, the required illumination Tevel, 'érid. the il1lumination )

‘v}jntervaT of the dimer.

6.3

i)

if)

iif)

v}’

> L

Recommendations for Furt}ler Studies

On the basis of the work presented in this‘,study, it is recommend-

" ed that the following aspects be censidered for \further”‘reseaﬁ—rch':

Further measu_reménts are needed to ré1age the zenith' Tuminance

to the solar altitude and the sky conditions. S

Further experiments are needed to ensure the val idity of the
partly cloudy sky relation which accounted for the extra

Erightness ‘caused by white scattered clouds.

Daylight utilization was examined with respect to its energy
displacement. Further' research should also account for visual

disconfort from side windows. . .

Theoretica) and experimental future research is needed to

evaluate the convective heat transfer .in the air layers withig

multiple windows ‘in the presence of shading. !

\

“» V) The optimal window-to-wall area ratio 1is dependent on"the

]
Pl

LI . ' ’ {;.

- 2\
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'vii) The correlation governing infiltration loss (through-the tested

¢

viii) Further resea‘r'ch

- | ’1‘nteérat1’on‘bétween or]e s1der of the buﬂd1ng,‘(that115'

thermal storage -capacity Qfdthe room. -In’-the present study,
x : " ) . L) .
surplus solar heat gainm is assumed to-be fully uti}ized in the
. . ,

space. Furtﬁer “research should consﬁdef‘"fhe effect of the S

thermal storage capac1ty of the room on the w1ndow-£o-wa11 area

>

in both air- cond1t1oned and non- -air- cond1t10ned s1tuat-
" jons. o ’ a 7

o s ' ' \ C \

ratio -

vi) The effect of w1ndow-to wa]l area ratio oﬁ\@ﬁérgy consumpt1on

. was'

“double, and tr1ple glazed windows aqd one sgpg1e wall construc-
[ e

'

1anstlgated and exper1menta11y ver1fied for s1ng1e,

~

t1on. "Fur ther research should cbns1der other common wallfcqn-

- ¢

"

»“structions and w1ndow types. e . -8

- PR R .

@ .
N .

panel) and wind spged needs further experiments to acc@uﬁt for -

differen6§s in the air tightness from;dhe typev6f construction

k3 - - L3 - -
to another, ~and -expansion to account.for air exfiltration. '
R . " N . N ‘\_‘
e 1

~

is needed@to study the pr0posed therma1

e

exper fencing surp]ug‘héat gaian and its Opposite side (that

is in the shade‘i;eggéouthanQ{th{. -7

»

o
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’ APPENDIX A -

[DETERMINATION ‘OF THE VEIW FACTOR, FOR EXTERNAL AND INTERNAL SURFACES

"i) View Factor for an external surfacé

The}e are three external surfaces, the bdilding surface containing
the window, ﬁhe obstructign surface‘facing the building surface and the.
ground between them. Thewbui1d1ng and obstruction surfaces are assumed
para11e1,énd infinite in width. The view factor for a vertical §ur-
f;ce, of infinite width from a reference point in the horizontal plané
through the bottom of the verticé] surface (Fig. A.la) wa: deséri?ed by
Lim et A}. [199). Th€ procedure is summarized as/fo]10w§: the top
horizontal (head) 1ine of  the vertical surface is projected on to the
sky doﬁe centred on the reference point forming a great semi-circle onﬂ

the "hemisphere. The orthogonal projection of this great semf-circ1e/on

the horizontdl plane is half of an ellipse (Fig. A.la).

/

The projected area of the vertical surface on the horizontal plane

is the difference of the areas of the projection of half the sky dome

(a sqgi:;irc1e) and the semi e1{ipse (Fig. A.la). The area of the

semi-ellipse is (7/2) (R x R cos a) where R and R cos a are the major
and minor axes of the ellipse. The area of thé semi-circle is mR2/2.

Hence'the projected "area of the vertical surface

Projected area ("/rz) (RZ - R2 cos a)

[}

(mR2/5) (1 - cos a) ' (A1) -

d1v1d1ng'the projgc%ed area of the vertica1”surface\by the projected

area of the hemisphere, the view factor can be obtained.

-

~
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TR2(1-cos a)727R2 , o ]

Fv
% (1-cos a) _ ‘ ('/A.'Z)

In the case where point p is Tower than the hof*izoﬁta] pl\a_ne' throdgh
the bottom .of th7 vertical surface (Fig. A.lb),}he | veiw factor becomes

~Fv =% (cos b - cos a) . (A.3)
where. b ana a are the angles of el evai:ioh of the boftom and top of the

vertical surface.

\In‘ the case yﬁere point p 1"5 higher than  the horizontal plane
through the bottom 1ine of - the vertical surfac’,e’,‘ (Fig. A.2) the view
f;ctor: is ca‘1cu'léted in two steps. The firét'is for the‘ upper portion
of the vertical su;'face above the hprizontal plane through the

reference point using‘Eq. A.2. The second is for the lower porti’on of

the vertical surface below the horizontal plane through the reference

‘point. The sum is the view fé’ctor for the vertical surface from the

reference point.

For a reference point on the ground (Fig. a.3); the view factors
of the building surface and the obstruction surface are also calculated
using Eq. A.2.
4i) View Factor of an Internal Surface ,

Interr_wa‘l surfaces of a room and the visible portions of external
surfaces through the window are not infinite in Tength.” Thus, they

were treated differently. Portions of vertical internal surfaces below

the horizontal working plane conta1n1n‘q the reference point do not’

contribute directly to the 11umination at the. reference point. ' Thus,

t .

- . ’ ) ~

[ P
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only the portions of the surfaces of the walls above the reference

plane were taken into consideration. The view factor for an internal .

surface (Fig. A.4) is calculated as follows. The top horizontal 1ine

of the internal vertical surface (CD) is projected as before and the

orthographic projection on to the circle subtending the sphere is shown

. in Fig. A.4c. The bottom line AB is in the reference plane and so

projects-a semi circle. The projected area A'B'C'D' is the difference

" of two sectors, P'AB' of the semi circle and PC'D' of the semi-ellipse.
For a hemi?phere of a unit radius, sector PC'D' is related to sector

*_ PCD such that area PC'D' = area PCD x cos a. The area of sector PCD is

given by RZ€6S /2 m,.sector PC'D' by RZS cos a/Z\ﬂ » and the area of
sector PA'B' by RZY/2 m. Therefore the. projected arba\A'B'C'D'is

Area A'B'C'D' = (sector PA'B') - (sector PC'D')
= (R2v/2 ™) - (R28 cos a / 2T
= R2 (Y-6§ cos a)/2n , | (A.4)

_putting R = 1, the view factor' for an intepnal .surface is

Fy =l (¥ -6 cos a)/2 o . (A.5).

Noewr

‘where a, v, and & are expressed in radiansand “are shown in Fig. A.4. 8
‘ 2 . (

t

is related to v by '
tan 6§ = tan Y. cosia ‘ - “(A.6)

‘Tlhe view factor expressed by Eq.A.5 can further be _generalized to

account for situations where the bottom 1ine of the ve?t1ca1 surface is
above - the horizontal plane 'through point p (Fig. A.5). The vertical
surface is first extended downward until it intercepts the reference

plane.. . The view -factor of the vertical “surface of concern -is the

K

/
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difference between the view factor of the extended plane and the

expansion done, thus

Fy = ( ¥7e cos a/2m) - (y=8 cos b/2r)

(8cos b -¢ cas 5)/2 ™ (A7)

where angles Y ,8,¢, a, anél b are shown "ixn Fig. A.5(a) and (b).
Substituting for 6‘ and cby ! .
5 = tan-1 (tan ‘-YCIOS i))'
e = tan-1 (tan v cos a)
Eq. (A.7) becomes
Fy = [tan-l(tan cos b). cos b) - {tan-l(tan n. cos a). cos ahl/2w (A'.B)‘

1

To calculate '1um1’nance~s, when the reference point is on a wall and
higher than the hori zontal plane through the bottom of the vertical
surface of concern (similar :to the case shown 'in Fig. 2), the view
fact‘or becomes a sum of two view factors. The first is for the portion
above the reference plane “and the second is for the portion below the

reference plane.
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- 332 -

View factor of a vertical surface of a finite lemgth having

its bottom line, AB, in the same horizontal plane of the

reference point P. .

.a) elevation angle a of the top line CD;

b) the horizontal angles Y and § of the bottom and top lines
- from the reference point P;

c) orthographical projection of the vertical surface on a
unit hemisphere centered at the reference point.

~

12

c,0

ot
Rerizonist plane of P

b)

View factor of a vertical surface'of d finite length having

its bottom-line, AB, above the horizontal plane of the re-~

ference point p. PR N

a) the horizontal anglesy, § and ¢ measured on the hori-
zontal plane of P, pla.ne PAB and plane PDC respectively.

b) vertical angles a and b for lines CD and AB.
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PROGRAN FDINPL

5

PROGRAN

74/835 0PT=1

LIS

"334" s \
FTN 4.8+552
« L

’
-

FDINPLC INPUTOUTPUT)

DIMENSION HK148) sHH1(9) WIND(24) »WD(24)»TI(24)2HOA(24)
DIMENSION ARSO(8)sTR(200)»TS(24F»H{8)»HK(8) +HH(F),CC(B) »PQT(B)

DIHENSION PN(B)

’ PD(B)yENI(B)vTG(24)vG(24)vAR(200)1AH(8)

COMMON A€200,200),C¢200),TN(200) .
3380033ttt tas ittt et ettt et itee IeTTILes YITTIITTTIN

'
< - -
b '
-

PROGRAM FDINP CALCULATES THE TEHPERATURE.K,DISTRIB.UTION OF
VARIOUS LAYERS OF SINGLE,DOUBLE,AND TRIPLE GLAZED WINBOWS,
FDINF USES THE IMPLICIT FORMULATION OF THE FINITE-DIFFERNCE

METHOD

TO ALLOW NUMERICAL APPROXIMATION TO THE PARTIAL -

DIFFERENTIAL EQUATION OF HEAT, CONDUCTION IN 3 DIHENSIDI’ML .
FRANSIENT STATE. .

DURING
OF ONE

EACH TIME INCREMENT, THE TEMPERATURE DISTRIBUTION )
QUARTER OF THE SYMMETRICAL WINDOW IS OBTAINED. .

CUNSEGUENTLYvﬂ'HE RATE OF HEAT LOSS OR GAIN AT THE EXTERNAL

» INTERNALS “AND THE INTERFACE SURFREES ARE CALCULATED. r
MOREOVER» THE RATE OF THE "HEAT ADRITION OR EXTRACTION . .

(NET HEAT STORAGE) IS CALCULATED .ALSO THE, TEMPERATURES
DIFFERENCE AT THE EXTERNGL AND THE INTRENAL SurRFAceS

IS5 CALCULATED

THE DATA GIVEN BELOW 1s APPLICABLE T0 BRIIINARY CLEAR ‘
DOURLE STRNGTH FLOAT GLASS OF 174" THICKNESS AND THE

INSULATED WINDOWS MUST HAVE 1/2°

AIR SFACE,.SINFLE MODIFI-

CKTIONS MAY BE RQUIRED TO ALLOW FURTHER APPLICATIONS, o
1333333333232 PSSR RSR RS2 S SR RE2 LRI LR LSRR LY R

HOAA
HOI1
T0
671

RG

RA
TAS
GTRANS
DT

SM1

sH2
SH3

sK1»
K2
SK3

. 8K5

8Ké
SK?
P1

E
-

DEFINITIONS
.t

=DUTSIDE SURFACE’ RESISTANCE (INITIAL)

=INSIDE SURFACE RESISTANCE (INITIAL)
sDUTSIDE AIR TEMPERQTURE (INITIAL)
=INSIDE AIR TEMPERATURE (INITIAL)

=RESISTANCE OF A SINGLE GLASS PANE v

=RESISTANCE OF AN AIR SPACE (INTER-PANES) »
=ABSOLUTE TEMF. OF 8UTDOOR AIR .
sTOTAL SOLAR HEAT< GAIN PER UNIT AREA .
=TIME INCREMENT

‘3
=ENERGY STORAGE CAPRCITY PER TINE INCREHENT
FOR A FULL LUNP .

=FOR™ A BOUNDARY HALF LUNP
=FOR A DOUNDARY QUARTER ELEMENT o

2 v

=A COMMON DOMINATOR FOR A FULL LUNP
=FOR A BOUNDARY HALF LUWP -
=FDR A BOUNDARY QUARTER LUMP N
=FOR ADIABATIC INTERMEDIATE FULL LUMP
sFOR ADIABATIC CORNER FULL LUMP

=FOR ADIABATIC BOUNDARY HALF Lukp

*VALUE OF THE COEFFICIENT 'A°* REPRESENTING THE

HEAT TRANSFER BETWEEN TWO FULL LUNPS IN THE.
BAME LAYER. , *;L .

@’
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- @ «PROGRAM FDIMP1 ¢ 74/83%3 OFTs1 FTN 4.8+4552¢

F2
P3 = AS P1 EXCEFT BDTH LUMPS ARE ROUNDARY LUMPS
P4 =AS F1 EXCEPT ONE LUMF IS A CORNER QUARTER LUMFP .
PS5 =AS P1 EXCEFT BOTH LUMPS ARE ADIABATIC INTERMEDRIATE
P6 - =ASP1 EXCEFT ONE IS ADIABATIC IN?ERHEUIATE AND THE
OTHER IS ADIAKATIC CORNER FULL LYMP
Py =AS F1 EXCEPT ONE LUMP IS ADIABATI{ BOUNDARY HALF LUMF )
] =AS P1 EXCEFT BOTH LUMPS ARE BOUNDARY AND ONE-ISADLABATIC ;_\
A ]
Wi =COEFFICIENT *A" REPRESENTING THE HEAT TRANSFER
RETWEEN TWO FULL LUMPS IN TWO CONSEQUETIVE LAYER
. yTHE NODE IN CONCERN AND THE NODE BEHIND IT.
2 =AS. W1 EXCEPT THE NGBDE 1IN FRONT OF IT
w3 =BOUNDARY NODE AND THE NODE BEHIND IT
W4 =BOUNDARY NODE AND THE NODE IN FRONT OF IT
WS =CORNER NOPE AND THE NODE BEHIND IT
') =CORNER NODE AND THE NODE IN FRONT OF IT
Y =ADIABATIC INTERMED. NODE AND NODE -BEHIND IT
T} =ADIABATIC INTERMED. NODE AND NODE IN FRONT OF IT x‘*
we - =ADIABATIC 'CQRNER NODE AND NODE BEHIND IT
Wwio =ADIAKATIC- CORNER NODE AND NODE IN FRONT OF IT ,41“ ,
Wil =ADIABATIC BOUNDARY' NODE AND NODE BEHIND IT .
W12  =ADIABATIC BOU*NOUE AND NODE IN FRONT OF IT
- Al \ -
\ |
KLM =TOTAL thask OF NODES IN ALL LAYERS UF TO LAYER(L-1)
IV ¥ --=THE LUMP NUMBER IN THE TWO DIMENSIONAL MATRIX'A®
vt =THE LUMP TO THE LEFT OF IV i .
IV2,° . =THE LUMF TO'THE RIGHT OF IV. '
1ut =TYE LUMP ABOVE IV
Iu2 =THE LUMP BELOW IV . .
oIt =THE LUHP' BEHIND IV - .
CIN2 =THE LUMP IN FRONT OF LUMP IV )
fic =THE INVERSE OF THE CONVECTION RESISTANCE BETWEEN
A4 NODE AND THE SURROUNDING AIR
TC =TEMPERATURE OF SURROUNDING AIR
N .
% i -
WIND(IT)=WIND SPEED AT TIME IT | ;.
WD(IT) =WIND DIRECTION AT TIME °*IT®
TICIT) =INDOOR TEMPERATURE AT TIME(IT)

=AS P1 EXCEPT,ONE LUNP IS A\BOUNDARY.LUHP

« HOACIT) =QUTSIDE BURFACE COEFFICIENTAT.TIME (IT)
ARSO(IT)= ABSORPTTONZ OF LAYER (L) ' -

RIS
TNCD)
cn
alIrd)

TS(IT),

173

H{L)

=TEMFERATURE: OF NODE (I) AT TIME(IT-1)
=TEMPERATURE OF NODE (I) AT TIME(IT-1)
=COEFFICIENTC"OF NODE (I) .
sELEMENT(IsJ)OF MATRIX 'A°® . R
=FRAME TEMFERATURE AT TIME (IT)

=INVERSE"OF THE TOTAL THRMAL RESISTANCE BET“EEN ,
TWO NODES IN THE SAME LAYER
]

e P !

—-¥

e
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{ - " PROGRAM FDIMPL
A 115 c
4 C
2 ! ¢ c
v , C i‘
- .‘C
120 - C '
c
) Iy 7 G
C
b "~ ’ c
: P o125 c
1
r ¢ C
o
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L3 C ,
" 130 - c
- C
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K ¢ C
135 C
‘ ¥
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, C
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140 c
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Qo 0
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145 a,
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N : 130
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! K
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: 155
. 140 ,
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B Fal
74/835 OPT=1 FTN 4,8+552 ,

< Y o . ® ,

HK(L) . =SAME AS H(L) BUT FOR BOUNDARY NODES(CONVECTION)

HH(L)  =INVERSE OFTHE TOTAL THERMAL RESISTANCE BETWEEN

« TWO NODES IN TWO CONSEQUETIVE LAYERS

CC(L)  =TOTAL THERMAL STORAGE %AFACIF OF A FULL LUMP

POT(L), =AVERAGE TEMP, OF LAYER(j)AT TINE(IT-2)

PN(L) ~ =AVERAGE TEMP., OF LAYER(L) AT TINE(IT) . .

POCLY  =AVERAGE -TENP. OF LAYER (L) AT TIHE <17-1),

; IN LAYER (L)

ENT(L) =ENTHAUPY CHANGE OF LAYER(L)DURING THE TIME INCREMENT ,
TO(IT) =TEMPERATURE QUTSIDE AT TINECIT).

Q(IT)  =INTENSITY OF SOLAR RADIATION AT TIME(IT) -

ARUI)  =AREH OF LUNP(I) IN THE LAYER PLANE ' co
AH(I)  =AREA OF CONTACT AT'.INTERFACE BETWEEN TWO LUMPS

IN THE SAME LAYERCTHICKNESS DIRECTION)

IHOUR -Nunsfk OF HOURS TO BE CALCULATED

6R . =GLAZING RATI0D ' X

NNR. =NUMBER OF NODES FER ROW

NL =NUMBER OF LAYERS IN THE SYSTEM

NN '[=NUMBER OF LUMBS PER LAYER ' ' )
N =TOTAL NUMBER OF LUMPS IN THE svsrsn

BENGTH =WIDTH OF THE WINDOW ‘ q

BENTEM =HEJGHT “AND WIDTH OF SQUARE LUNP . .

Al ' =AREA OF A FULL LUMP .

‘ ' N
“GIVEN DATA . I

DATA(H(K)+K=118)/,003192,,003192/.000328,,003192 . -
,.003192,.ooo3ﬂe,.oo3192,.ooz1¢§/ - -
DATACHKL(K) 1K=1+8)/, oos47,.00547..02198,.00547..00547- . . )
02188,.00%47,,00547/
DATACHHL(K) »K=1+9)/2,0875,10. 35..5549..5548.10 35,5548 .
++3948,10,35,.35181875/ ..
DATA(CC(K) 1K=1+8)/403.36+403,364,.9251,403,36+1403.34 '
+9251,403.361403,36/ K
DATACAHIK) »K=118)/, 000785 000781 0031251 ,00078 1 00078 °
+003125,00078 ,00078/
DATA{ABSO(K) rK=158)/,0355,0357,055,037.03»,05y,025,,02%
A NON ZERD VALUE FOR MAT INSTRUCT THE PROGRAM TO PRINT ‘

. MATRIXCAJ AND NATRIXCCI. N e
READX s MAT i . ——————
READX) (WIND(IT)»IT=1,24)

_ READX, (WD(IT)s1T=1,24) ' .S
RESDEy (TI(IT)»1T=1,24) ' .

. gtﬁnx.)wo<1;>,17=1.24) ! - )
EARXs (Q(IT),1T=1,24) s N
READXs GRy TIMEs NNR»NLoBENGTHsHOC» THOUR» HOI .. *
. DT=3600,0%TINE e . \ .

", B0 9 IT=1,IHOUR : ‘ _—
TSCITI=TOCITI46. ' . ‘ e
CONTINOE W . .
NN=NNRX%2 \ ,

N =HNENL v .
NS=NNR-1 ' ' ‘ -
BEN=BENGTH/2 .

TEM=NNR-0.5 7, - . - 4 1

~ BENTEN=BEN/TEM oL ’. o ’

3 . .> ' N ' ’ ! ‘\\
' s . ( : ‘ ' -
i . h N . " " a



175

180

185

190

10

13

700

701

702 -

763
v 704
705 -

TaO0OMmO

aoon

OO0

- TT3I=TT2+RA.

Y

-337- '

Fnocaan.?gxup1 74/835 0OPTst ' © FTN 4.84532

. v
A1=BENTENXX2.
BO 10 I=1sN

-30 10 J=1,N

A(Ivd)=0,00 \ ,
CONTINUE . .
00 15 L=1,N

ALrL)=1.00

C(LY=0.0 -

CONTINUE
PRINT 700
FORMAT(/s25%XkI NP UT DA T A%)
PRINT 701,GR . )
FRINT 702sNNR .

PRINT 703sNL

PRINT 704;8ENGTH:B§NGTH

PRINT 705, IHOUR S,
FORMAT¢(SX» *MINDOW-TO-WALL RhTIO(GR)=tvF6 3 !
FORMAT(5XsXNUHBER OF NODES PER LAYER NNR =%,12)
FORMAT (5Xr *NUKBER OF 'LAYERS NL =Xy 12)

FORMAT (SX»¥WINDOW DIMENSIONS =%1Fé.31%X%sF6 .3+ KMETERSK)
FORMAT (5X» *NUKBER OF HOURS TO BE CALCULATED=X/sI3)

- . <

INITIAL TEMPERATURE OF ALL LAYERS
FXEERRXERAXREXXKRRRERXRXRERLRARLR

HOAA=1,/17,47 L R
HOII=t./HOI -* . . :
6T0=T0(1) ° . .

6TI=TI(1) . T

TI0=GTI-GTO . , . S o
RG=,006156 , o]
RA=, 199004 ~ . - : "
TT1=HOAA \
TT2=TT14RG =

TTARTTI4RE

ﬁxz‘TT4+ ) ~ T .
=TTS+RG S '

IF (NL.EQ. B)SOTO 600 . -
IF(NL., +EQ.5)60T0 401 . Y

SINGLE GLAZING Y-

XTRANS=,86

RT12H@AA+RGHHOT I
T1=6TO+((TT1XTIB)/RT1) 1
T2=5TO+((TT2¥TIO)/RT1) | - .
PRINT®sT1,T2,TI0sHOAAIHOIT - R
60T0 605 : CoL T
DOUBLE BLAZING
RT2=HOAA+HOTI+RA+(2.XRG) . S
T1=6TO+((TTLXTLOI/RT2) . L .

T236TO+((TT2%TI0)/RT2)
T4=GTO+((TT3XTI0)/RT2) '
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250
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285
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'PROGRAH FOEMP1 74/835 O0PT=1 : ‘FTN~408+5§2

\‘ ' -
TI=(T4+472)/2,
TS=GTO+((TTAXTIO)/RT2)
PRINTX»T1+sT2yT3+T4,TS -
~ XTRANS=,73 -
. 6070 603

TRIPLE GLAZING . - ;

OO0

00 RTI=HOAA+HOII+ (3. XRG) +(2.,%XRA)
' T1=6TO+((TT1LTIO)/RTS)

R T2=6T04((TT2XTI0)/RT3)

'  TA=GTO+((TT3WTI0)/RT3) - ‘ )
TI=(T24T4)/2,
TS=GTO+((TT4%xTID)/RTI)
T7=6T0+((TTSKTIG)/RT3I)
Te=(TS+T7) /2,

Y- TB=GTO+H({TTSXTIBI/RT3)
PRINTK)T11T2sT3+T4 ’

s © PRINT®sTS»T6:T7,78 .
XTRANS=,45

05 DO 500 I=1,25 - T : :

D=TL .
TD(I425)272

500  CONTINUE c
IF(NL.EQ.2) GOTO 707 ~ o

. DO 501 1=51,75 A

TO(1)=T3 : .
TD(I425)=T4

. TDCI450)=T5 ‘ oo

501  CONTINUE . . .
IF(NL.EQ.5)60TD 707 i ‘ )
DO, 502 1261150 - : o
Tn(x)=15£‘e
TD(I425)=T7 \‘\ .« . PN
TD(I+50)=78 N ‘

502  CONTINUE : . ) -

c :
c FILLING ARRAY TD(N) WITH INITIAL TEMPERATURE ;
c
6

——

c . © |
c DETERMINATION OF COEFFICIENTS FOR MATRIX ‘A*
c : SR ,

PERY

707 DO 5 K=1,8 . '
T HK(K)=HK1(K)® (RENTEM/.25)%(HOE/7.0%®
IF(K.EG.1)60TD 606
"HH(K) =HH1(K)X(A1/,0425) ; -
604 CC(K)=CC(K)X(A1/.0425) ' )

L AH(K)=AH(K)® (BENTEN/.25) ‘ ; .
T POT(K)=0.0 . '
A CONTINUE - ' ‘

- HH(9)=HH1(9)X(A1/,0625) K (HOI/B.291) ~°
<’ DD 106 IT={yIHOUR - S -
3%, FORMAT(//112X:$TEMPERATURE DISTRIBUTION AFTER z.12;xnouns:)
: WINDY=WIND(IT) \
_ WDD=WD(IT)
TAS=TO(IT)42735
QTRANS=Q(1T) $XTRANS
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PROGRAM FDInP} 74/835 OPT=1 , FTN 4,845%52

CALL FILM(MINDY,WDDsTASsQTRANSGR» xus,uopsysnrsyrs)
PRINT 31T
HOACIT)=HOPE
HH(1)=HH1(1) 2 (AL/ . 06251 % (HOA(IT)/33,4)
290 . 0AB=0,0
- DO 239 K=1,NL
c IF(IT.NE.1,AND.K.NE,1)60 TO 222 .
IF(K.EQ.NL) GOTO 224 ' )
KN=K+1 . 3
GOTO 225
KN=9

[
-0
I

L&)
Y

CALCULATION OF PARAMETERS SMsSK+P,AND W
FXXXIXXRTRRARRXERARXRTXRRXARAEX KRR RRRER - .
300 :
INTERNAL NODES - ’ '
SM1=(DT/CC(K))
SK1=1.0+4(4,0 ¥H(K)tSH1)+(SH1tHH(K))+(SH1¥HH(KN))
P1=(-1.0¥SHIXH(K))/SK1 -
305 Wi=(~1,0%SH1XHH(K))/SK1 ‘ .

- . W2=(~1,0kSHIXHH(KN))/SK1 , - '

::r1 OO0 O,
A

BOUNDARY NODES
SM2=(DT/CC(NI%.5)

316 . sxﬂs TOR(2,0%H(K) X, SISH‘)+(SH”¥HH(K)* 5)+(5H2!HH(KN):.5)+

Q YRSM2) + (HK (K) ¥5K2)
Pz=((-1.oxsn2>/sxz)xu(x)x.5
P3=((~1.0%SH2)/5K2) RH(K)
" W3=((=1,0XSH2)/SK2)RHH(K) X .5
3157 W4z((-1,0XSM2) /SK2)XHH(KN) X,

ao

CORNER NODES
SH3=(DT/CC(K)X,25) 5
. §K3=1.04(2,0XH(K) %, 5XSH3) + ( (SHIEHH (K) %, 25)+(SH3tHH(KN)t.25))'
320 @ +(SHIXHK(K)) ‘
P4=((~-1,0%SH3)/SKI)XH(KIK.S .
WS=((~1,0%5H3) /SK3) KHH(K) %, 25 /
Wo=((~1,085H3) /SK3) KHH(KN) X .25
cC, ~ ' -
323 T C ADIBATIC-INTERMEDIATE NODES
o © SKS=1,0+(3,0XH(K)XSH1J+(SHIXHH(K) )+ (SHIXHH(KN))
' P5=((-1,0%5M1)/5K5)XH(K)
. © W73((-1,0XSH1)/8SKS) KHH(K)
" WB=((~1.0%¥SH1)/SKS) XHH(KN) T

‘330 c
c ADIRATIC CORNER NODES
SKé=1,04(2, 0¥H(K)tSH1)+(SH1tHH(K))+(SH1!HH(KN))
Pés((-1,028M1)/5Ké) KH(K)
; ' . Wo={(=1,0%8M1)/8K6&) EHH(K) ,
335 W10=((~1,0%5M1)/SKE)KHH(KN) : “ C

ADIABATIC/ROUNDARY NODES
SK721,04(SH2E(H(K) +H(K) X, 5))+(SH2¥HH(K)¥ 5)+(SH2¥HH(KN)#.5)
. Q +(SM2XHK(K))
340 : P7=((-1,0%5M2)/SK7)xH(K)
"o s PB8=((-1,0%SM2)/SK7)KH(K)I %) S :
W1l=C(-1.0XSH2)/SK7)XHH(K) X.5

a0
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360

343

370

375

380

385

390

393

PROGRAM FDIMP1
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17
16
20

22

21
25

-340- f \
74/83% O0PT=1 ' . FTN 4,84552
¢ B .

° 4

>

H12=((;1o0¥SH2)/SK7)¥HH(KN)t.5

JDEVELOPMENT OF THE \COEFFICIENTS MATRIX®A°

EERERKRAREARX KRR KRR KRXAKAREXREXARRANKAK KX

Lt . >

IDENTIFICATION OF THE SIX NODES SURROUNDING NODE 1V
' . \

'
v

REFERENCE NODES(TYPE 1)

KLM=(K-1)XNN | . .
DO 20 1=2yNS .

DO 20 J=2,NS .
IY=((I-1) XNNR) +J+KLM , y ' -
IVi=Iy-1 ) ' . ”
IV2=1V+1 -
TUL=((I-2)ENNR) + J+KLM
IU2=(IXNNR)+J+KLM
IW1=TV-NN- ’ T CoL
TW2=TV4NN . 3
ACIVIVL) =Pl Ty C
ACIVyIV2) =Py

TA(IVsIUL) =Pt . ’ -

ACTYr TU2)=P1 e S ! : o o
IF(K.EQ.1)G0TO 16 - :
IF(K.EQ,NL)GDTD 17 : .
ACIVAIWL) =W1
ACIVy IW2) 22 :
GO TO 20 , o \
ACIVIINL)=WY o : :

GO TO 20 : »

- 4 i

ACIVIN2)=W2 o - . . | 'V

CONTINUE \ ‘ . .

BOUNDARY NODES(TYPE 2) - .
D0 25 J=2sNS

I=1

IV=J4KLK

Ivi=1v-1 ' . .
IV251V+1 ' . ‘ ' .

TU2% (TRNNR) +J+KLHK R : S
TN1=TU~-NN ‘ ' Lo ‘
IN2=IVENN 0 . S o T

AW IVDeP2 . ' -

ACIVsIV2)=P2 . e . L

A(IV,IU2)=P3 . . B

IF(K.EQ.1360TO 213 = . : \

IF(K,EQ,NL)BOTO 22 : SN

ACIVYINL) =W3 L . B ",

ACIVIIW2)=N4 , - : ‘

60 TO 25 ' . A

ALIV, INL)=W3 . T : c

G0 TO 23 ) . : . :
ACIV,IN2) =W4 ) : .. C 1 -
CONTINUE S oo ‘ : ‘
DO 30 I=2,N5 ' . . L ' o L
J‘ 1 ~ . " R N h \ ~ *+ ;
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420
425
430
440

443
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32
31
35

'O Ov

'PROGRAN FDINP1

381 -

74/835 OPT=1 FTN 4.84552

IV=( (I-1YENNR) +JHKLN

IV2=1V41

IUL=({1=2) XNNR) +J+KLN

IU2=( TXNNR) + J+KLM

IW1=IV=NN .

~IN2=IV+NN - >

D0 35 1a24NS - S

A(IV,IV2)=P3
A(IV,TU1)=P2
A(IVsIH2)=P2
IF(K.EQ.1)G0TOD 26

" IF{K.EQ.NL)GOTD 27 -

ACIV INL)=W3
ACIVsIN2) W4

60TO 30

ACIVYIND)=W3

6070 30

ACIVIIN2) =W4 ‘ /
CONTINUE . . ) -/

ADIABATIC REFERENCE NODES(TYPE 4)

J=NNR - B
IV=((1-1)XNNR) + JHKL M .

fvi=1V-1 ,
IUL=((I1=2) XNNR) + J+KLY g \
1U2=CIXNNR) +J4KLE -

" IN1=IV-NN

IN2=IVNN 7,
ACIVyIV1)=PS
ACIVyIUL)=PS
ACIVyIU2)=PS . .
IF(K,EQ.1)60TO0 31 ‘ . PO

IF (K.EQ.NL)GOTO 32 - C
ATIVINL)=N7 . . \\
ACIVyIN2)=RE o

60T0 35 . N
ACIVIIWL) =W? ' _ -
GOTO 35 . A
ACIVsIN2)=UB ey
CONTINUE-

DO 40 J=2,N8 s
I=NNR oo :
IVa((I-1) SNNR) +JHKLMH

Iv1=1v-1 - ‘

1V2=1V41 : : . T e
TUL=((I-2)%NNR) +J+KLM ) : ,
TW1=IV-NN ) .

TW2=IVHNN ‘ E
ACIVs IV1)=PS

ACIVsIV2)=PS - .

A{IVyIUF)I =P

IF(K.E0,1)B0TO 38

IF (K.EQ,NL)BOTO 39

ACIV IND =W7 g . .
ACTVIIN2)=W8 R X
80TOD 40 . °
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495
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.- 505

510

PROGRAM FDIMP1

39

38
40
c
>
.C

42

. -342-
74/835 OFT=1

ATV IWDI=W7
GOTO 40

ACTV, TW2) =W8
CONTINUE

CORNER NODES(TYPE 3)

IV=14KLM
1V2=TV41
1U2=1+NNR+KLH
ALIVs TU2)=P4

ATV TU2)=2PY
IN1=I0-NN
IN2=TV+NN
IF(K.EQ.1)G0T041
IF(K.EG,NL)GOTD42
ATV, IN1) =4S .
ALIVSIN2) W8

GOto 43 °

ALIVY INL) =S

5070 43
ACTVYIN2)=N6

ADIABATIC BOUNDARY NODES(TYPE 5)

IV=NNR+KLK

IVi=Iv-1

TU2=(NNRX2) +KLH
ACIV,IVL) =P8

ACIVy IU2)2P7
INI=TY-NN

IN2=TV+NN
IF(K.EQ.1)GOTO 44
IF(K,EQ.NL)GD TO 48
ATV, IW1) =R

ACIV, TW2)=Wt2

GOTO 47 .
ACIVsIW1)=W1Y

8070 47

ATV, IN2)aW12
IV=(NSENNR)+1+KLM
IV2alV+1 .
TUL={(NNR-2)BNNR) +14+KLN
ALV IV2)=P7 ) )
A(IV,IUL)=PB
IN13IV=NN

IN2=IV+NN
IF(K.EQ,1)GOTC 80"
IF(K.ER.NL)GOTO 81
ACIVyIW1) =11

A(IV TH2)aN12

GO TO B3I

ATV, TW1)=W1g ’
60T0 83 r
ATV, TW2)=H12 |

ADIABATIC REFERENCE CURNEé“NDDES(TYPE 6)

FIN 4,84552



!

T

5135

330

538

340

543

550.

555

540

370
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95

.92

93

60

62

-343-
FTN 4.845%52

JV=NN+KLN : o - ¥
IVi=IV-1

TUL1={NN-NNR)+KLM

A(IV)IV1)=P4

A(TV IULI=P6

IMY=IV-NN . ' ‘ -
IW2=IV+NN .

IF(K.EQ.1)60TD 84 P
IF(N.EQ.NL)GOTO 8BS

ACTV,IN1) =49’

ALIVIIN2)=W10 ‘

6070 222 . ) .
CACIV,INL)=ND - :
GOTO 222

ACIV, IW2) 3410 -

DEVELOPMENT OF MATRIX CC3J-
13323333333 322323 22883843

IF(K.EQ.1)60TD 90
IF(K.EQ.NL)GO TO 91 ) ~
HC=0,0 ) c

TC=0,0 . P U

60TO 95,

HC=HH(?)

TC=TI{IT) . -

GOTO 95 : '

HC=HH(1)

TC=TOCIT) N ) i ,

A2=,5%A1 ‘ :

A3=,252A1 :

SRT=QTRANSXBENGTHXX2, X

IF(IT.NE.1)GOTO 92

SOLINT=Q(IT) ‘

8070 93 C .

SOLINT= (G(IT)+Q(IT-1))/2.

05=S0LINTXABSO(K) .

una=ann+(nsxasnstnxasnsru)

REFERENCE NODES (TYPE 1)

D0 60 I=2sNS -

DO 40 Js2,NS

IV=((I-1)KNNR)+ J+KLN

COIVIX(TDCIV)/SKI)+{(SM1/SK1TR(HCKTE) )+ ( (SM1XASXAL)/SKL)

ARCIV)=A1

CONTINUE : o

ROUNDARY NODES (TYPE 2)

DO 62 J=2sN§ y

IV=J4KLM

CCIV)a(TRCIV)/SK2)4((SH2/SK2) B (HK (K)RTS(IT)) )+
0 ((SH2/SK2)X(HCXTCX,5))+( (SH23QSKA2)/SK2)

&

-,

ARCIV)=A2 - . ' o8 o

CONTINUE

DO 64 I=2yNS

IV=((I-1 )XNNR)+1tKLK

CUIVI=(TDCIV)/SK2)+((SH2/SK2)K(HK(K)RTS(IT) )+
@ ((SM2/SK2)X(HCXTCX.5))+((SH2%QS5XA2)/GK2)

S ki




575

385

5%0

PROGRAN FDINF1

-344-

74/835 OFT=1 * FTN 4,84352

AR(IV)=A2 . .

"CONTINUE . -

ADIABATIC REFERENCE NODES(TYPE 4) ’

PO .46, I=2sNS

IV=({I-1)XNNR)+NNR+KLN
C(IU)a(TD(IU)/SKS)H(SHI/SK.JH(HCHC)H((SMXOS*M)/SKS)
AR(IV)=Al

CONTINUE

DO 68 J=2sNS . .

IV=(NNRENS) + JHKLM :

CLIV)= (TD(IV)/SK5)+((SHI/SKS)t(HCtTC))+((SH1*08161)/SK5)

AR(IV)=a1

CONTINUE ’ , . ,
CORNER NODES(TYPE 3)

COLEKLHY = CTDCLEKLK) /8K3) +{ (SHIRHK (KD X, 5)/5K3)¥(TS(IT)+TS&IT))) Coy -
+(SM3/SK3) K(HCRTCR, 25)+( (SN3XSEAT) /SK3)

AR(1+KLM) =A3

ADIABATIC BOUNDARY NODES (TYPE 5) .
CUNNR#KLM) = (TD(NNR+KLH)/SK7)+((SHZ/SK?)*(HK(K)tTS(IT)))+

((SH2/SK7) X CHCXTCX,S) ) +¢ (SH2XQ5XA2) /SK?)

ARCNNRKLM) =A2 ,

NSR=(NSENNR) +1 o . ' .

6?0.

© 603

410

613

620

825

2319
240

43

49

50

70

101

CONSR+KLM) = (TRINSR+KLK) /6K7)+( (SH2/SK7) X (KK (K) §TS(IT)))
+(SM2/5K7) XCHCXTCK, 5)+((SH2XQSKA2) /SK7)

AR (NSR+KLK)=A2

ADIABATIC REFERENCE CORNER NODES(TYPE 6)

CONN+KLM) = (TDCNNKLM) /8K6) +( (SH1/8K&) £ (HCRTC))

+((SH1X0S%AL WSKS)

AR (NN4KLH) =a1

CONTINUE

FORMAT(5X»XTOTAL HEAT ABSORBED=%,F10.5) .

IF (NAT,EQ.0)60T0 161

PRINTING THE VALUES OF MATRIXCAJANDLE] : . .
FORMAT{(2X 1 10(F8,6,2X)) '

DO 45 I=1,N , ) ,

PRINT 481 (A(I1J)rJ=110) - .

CONTINUE
PRINT 49

- FORNAT(2Xy10(1HX)) - ' : .

DO %0 I=i1sN -

PRINT 481 (A(I1J)sJ=11,20)

CONTINUE

PRINT 49 .
DO 52 I=1sN » » ‘
PRINT 481 (A(15J)1J=21+30) . :
CONTINUE ) '
PRINT 49 .

PRINT 705 (C(IV)»IV=1sN) ) .

FORMAT(B(2XsF10.,4)) o

SOLUTION FOR THE NODES ranpeaarunss .
PEXXXERXREREARRXLLXKLERRRRREXERKNKR

CALL GAUSSI(N ) ) , ,

H§T=0,0 . A . .
THOUND=0,0 L ,

COUNT120.0 : .. o

TBONEL=0.0
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640
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550

455
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665

670

675

680
™

PROGRAM FDIMF1

110

312
313

00000

-345-
74/833 0OFT=t ' FTN 4.8+4552

TB01=0,0

TB0=0:0 ' N

COUNT2 =0.0

PO(1)=T1 :
PO(2)=T2 ) . .
PO(3)=T3 :
PO(4)=T4 ,

PO(5)=TS .

PO(6)=Té .

PO(7)=T7 .

PO(B)=TB .

DO 102 JK=1sNL

PRINT 103 JK

IFCIT.NE.1)GOTO 127

POT(JK) =PO(JK) .

FTNz0.,0 ’ '

AREA=0.0 '
PT0=0.0 - :

NF=(JKENNY . o, .

NN=(NF+1=NN) )

DO 110 IQ=MNsNF

FTN=(TN(IQ)KAR(IQ))+PTN

PTO=(TR(IQ)XAR(IA)I+PTO

AREA=AREA+AR(1Q)

CONTINUE

PN(JK)=PTN/AREA .

PO(JK)=PTO/AREA . ‘ -
ANAX=(((POCJIK)-POT(JK))/2.)4POT(JIK))
WAX=(C(PNUJK) =POCIKYY /2,3 +P0CJK) ) —AWAX
ENT(JK)=CC(JK)X20, 25XWAX

wAX 15 THE TEMPERATURE CHANGE WITHIN THE TIME INCREMENT

ENT(JK)IS THE HEAT STORED IN LAYER JK DURING THE TIME INCREMENT

TS IS THE TEMFPERATURE AT THE GLASS -FRAME INTERFACE
TSX IS THE AVERAGE TS DURING THE TIME INCREMENT
AHXIS AN AREA FACTOR BETWEEN NODES AND BOUNDARY NODE§
»
PRINT 1005 (TNCI) s I=HNsNF)
FORMAT(/+5(2X»F10.5)) *
FORMAT(//+25XsXLAYER NUMBER *,I2) ’
TSX=((TS(IT)-TS(IT-1))/2.14TS(1IT-1).
DO 306 J=1,NNR .
IF(J.EQ.1)60T0 312 i "
ANX=1, ‘ .
GOTO 313 )
AHX=,3 - =
I=((JK-1)ENN) +J
TNX=((TNCI)-TD(I))/2,)4TD(I)

CALCULATION OF THE AVERAGE TEMFERATURE OF THE NODES AT
INTERFACE HAVING TENPERATURE HIGHER THAN THAT DF THE
INTERFACE (TSX)

™

IF(TNX.LT.TSX) GOTQ 307 ’
TROUND=TROUND+( TN (I YRAH (JK) XAHX)
TBONE1=TRONE1+{TD(I)XAH(JK) 2AHX)

COUNT1=COUNT1+(AH(JK) XAKX)

80T 306
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PROGRAM FDIMP1
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126

104

506
507

119

121

122

123

? hY
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74/835 DPT=1

»

FTN 4,84552

CALCULATION OF THE AVERAGE TEMPERATURE OF THE NODES AT
INTERFACE HAVING TEMPERATURE LESS THAN THAT OF THE INTERFACE

TBO=TBO+( TN (1) XAH (JK) XAHX)
TBO1=TBO1+(TRCI)XAH( JK) EAHX)
COUNT2=COUNT2+ (AH( JK) XAHX)
CONTINUE '
CONTINUE

B0 126 JKaisNL

POT (JK)=PO(JK)

CONTINUE
IF(COUNT1.EQ.0.0)GOTO 104
TB1=TBOUNB/CDUNT1
TB2=TRONE1/COUNT1
TR=((TB1-TB2)/2.3+TB2
TBDIF=(TB-TSX)

GOTO 505

TRDIF=0.0
IF(COUNT2,EQ.0,0)G0T0 506
TRB1=TBO/COUNT2 ‘
TBB2=TBO1/COUNT2

TBM={ (TBB1~-TBB2)/2,)4TBB2
TBBDIF=(TSX-TRR)

60TO 307

TBBDIF=0.0

CONB1=COUNT! XHOCXTBDIF%8.
CONB2=COUNT2 XHOCXTEBDIFXS,
PRINT 119,CONB14+CONB2

FORMAT (/95X XHEAT LOSS BY CONVEC.
9 3X:F10.5)

IF(IT.NE.1) GOTO 121
TOUT=TO(IT) - -
HOAAVE=HOA(IT)

POC1)=PN{1)

POCNL)=PN(NL)

6OTO 122 ,

TOUTD=TOCIT-1)

TOUT=((TOCIT)-TOUTD)/2,)+TOUTD

HOAAVE=(HOACIT) +HOACIT-1))/2,
DO 123 L=1/NL

HST=HSTH+ENT(L)

CONTINUE
HSTORE=(HST/34600.)%x4,

%
;

S

SANB= (((PN(1)=P0(1))/2,)+P0(1)}-TOUT
SROOMaTI(IT)=C((PN(NL)~PO(NL))/2,)+PO(NL)) i -

CONO=SAMBXAREAXHOAAVEX4.0
CONI=SROOM*AREAXHOI®4.0
HL1=CONB1+CONO
HL2sCONB2+CONI-HSTORE

< PRINT

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT

115,CONG
116,CONT
112/HSTORE
118,SAHB, SROOK
4167HL1
417/HL2
240+0AB
418, 0TRANS



745

730

755

760

745

770

‘ 1775

780
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PROGRAM FDIHPI 74/835 OPT=1 S FTN Ames52

418
416
417
115

116,

117
118
c

105

107
. 108
£.. 106

730

751

794

753

752

FORMAT(/15XskTOTAL HEAT GAIN=XsF10,5+/)

FORMAT(/15X»XHOURLY RATE OUTSIDE: %»F10.5)
FORMAT (/s 5X»XHOQURLY RATE INSIDE: xsF10.3)
FORMAT(/:5X» XHEAT LOSS BY CONVECTION AT EXT. SURFACE= %

Q vF20.5)

FORMAT(/15X»§HEAT LOSS BY CONVECTION AT INT. SURFACE="%

0 sF20.%)
FORMAT(/+5X»*HEAT STORED WITHIN THE PANEL =%,F20.5) .
FORMAT(/1SX»¥TEMP, DIFF'OUT=X:F10.5,XTENP, DIFF.IN a%sF10.%)

DD 105 I=1sN
TH(I)=TN(])
CONTINUE
B0 107 I=isN
DO 107 JsisN
ACIed) 20,0 ‘
CONTINUE -
DO 108 I=i,N - '
ACIsI)=1,0
CONTINUE s
CONTINUE ’
PRINT 754 ’ .
PRINT 750 ) ’.
FORMAT(2X» XTIMER) 1HE s 8X s KNINDX,8Xs 1H¥ 15X .
XSURFACE COEFFICIENTSXsSXs1HX)BX,KAIR TEMPERATUREX:7Xs1HE,
AXrKINCIDENTS 46X 1 LHX)
PRINT 751
Fuknnrtzx.xnuunx,1Hx.2xrxspssnx zx.xnIRscrxouxyzx.xﬂx,
0 2X,%INSIDEXy2X»XOUTSIDER»2Xs R INTERESEER 12X s 1HKy 2Xy
0 RINSIDEX:2X+XOUTSIDERy 2X,» RINTERFACER 12X s 1H%:2Xs
QXTOTAL RADIATIONXs3Xs1HX) -

PRINT 754

FORMAT(2Xr 109 (1HX))

BD 752 IT=1,IHOUR

PRINT 7532 IT»WINDCIT) WB(IT)sHOI, HOA(IT)»HOC:TI(IT)»TOCIT),
0 TS(ITHQUIT)

FORMAT(2Xs 147 1HEIFB.3+4X1F8, 31 1H8/F10,4sF10,6,F10. 65 1HKs
Q F10.5:F10.5:F10. 5.1§t.sxvr1o +S15Xr 1HR)

CONTINUE

PRINT 754

sTOP ‘ A ‘

END ' ’ T

n

]
» %

[ 2N



SUBROUTINE FILM
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! .1 4
- C :
1 c -
C
5 c
10 / IF(WDDER.0.0)GOTD 5 : .
1 IF(WDD.EQ.45.)G0TO 10 .
" IF(WDBD.ER.90.)60TO 15
I -IF(WDD.EQ.135.)G0OTO 20 . R
HC=6,27+(2.65XWINDY) ) R
15 GOTD 25 . R , g S
' L "HC=7.77+(2, 924 INDY)
GOTO 25 , o S
‘e 10 =7, 5+(3 26¥UINDY) . ' -
o "§0T0 25 . > N A
20 15 HC=7,35+(4,1XWINDY) . . )
. 60T0 25 o . : o
: 20 HC=4,85+(2,43XWINDY) ” ] ! ’ .
] 25 HOPE=HCHHR C . . ¥ '
’ RETURN c o S
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(HOPEIUSING THE HOURLY VALUE OF WIND- SPEED(

DIRECTION(WDD) »OUTDODR ABSOLUTE TEMP. (TAS)»AND THE THERMAL

- RESISTANCE OF THE GLASS{XUG).
TSS*TAS+((293-TASYX(.02994/(,029944XUG)))
TSKY=TAS~20.

STBOLgT.é?/(IO +¥%8,) -

HR=,9T% 5!5TBDL!(TSS+TSKY)!((TSS**Z»)+(TSK(!$2 ))

oy

:
4
a.g4552 S
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-
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SUBROUTINE GAUSS , ' 74/835 OPT=1 FTN 4.84552 ,9 1y
) R SUBROUTINE GAUSS(N) . : \ '0
e " ’ ’ . COMMON A(200+200)sC(2003 5 TN(200) L
. c THIS SUBROUTINE SOLVES SIMULTANEOUSLY N ALGEBRAIC EQUATIONS -
c IN N UNKNOWN JEMPERATURES s~ ‘e ‘ '
. . $ .. , €-  at1,J)=HEAT TRANSFER COEFFICIENT : \ .
€ . TN(I) =UNKNOWN TEMPERATURE .
c G(I) =THE CONSTANT TERM OF THE HEAT BALANCE EQ. #
P . L, A HsN=1. ™ b 2 . | .
< T 10" ©TDO 10 I=teH 0 ‘. . ’ T N
_ . L .7 L=I+1 K . ¢ v
T . D0 10 J=L,N r
) ‘- - , IF(ACIJ))611006 4 . . .
. ~ ¢ D0 8 KaLsN - J
s 15 8 & ALLKT=AGHK-ACTIKISACIy IM/AI D)
’ . CD=CCI-CIDRALNLDI/ACTD v
. 10 - CONTINUE . .
- . ' v NGO TN /AN N) ‘ L
o < . : 00 30 Mi,M £ )
&1 SO KzN-1 2 ’ . -
y ' L L=K+1 . ‘ . oy 2,
. , O D0 20 J=LN )
i . . 20 LK) =C (O =TN(I) ALK D) -
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74/8357 0PT=1 - FTN 4.845%52
- PROGRAM FDINP2CINPUTOUTFUT) e

*DIMENSION “TD(180)yHCC(5)»TCC(S)

v H(S)y HH(8),CC(5)
DIMENSION WIND(24)/T5(24)s un(°4),11(§4)yHOA(24)

DIMENSION FN(5) » POCS)1ENTCS)»T0¢24),0(24)

DIMENSION (S)thU(45vHHU(6)vCCI(5)yAR(lBO)rnH(S)

COMMON A(1805180)sC(180)sTN(L1BO)
xxxxxxxxtxtxtx:xxzxxxx:xxxx:xt:xxxxzxxxtxxxxxxx:txxxxxxxx

\

PROGRAM FDIMP2 CALCULATES THE TEMFERATURE DISTRIRUTION OF
VARIOUS LAYERS OF A COMPOSITE WALL WITH OR WITHOUT A WIN-
DOW.FDINF USES THE IMPLICIT FORMULATION OF THE FINITE DIF-
FERENCE METHOD TO ALLOW NUMERICAL AFPROXIMATION OF THE
PARTIAL DIFFERENTIAL EQUATION OF HEAT CONDUCTION IN THREE
DIMENSIONAL TRANSIENT STATE.AT EACH TIME INCREMENT)THE
RATE OF HEAT TRANSFER AT VARIODUS SURFACEd AND THE HEAT
STORAGE IN THE VOLUME ARE CALCULATED.THE RATE OF HEAT
LOSS ASSOCIATER WITH AIR INFILTRATION 15 ALSO CALCULATERD
AS A FUNCTION OF WIND SPEED »WINDOW PRIMETER»AND THE IN-
SIDE-OUTSIDE TENF, DIFFERENCE.

- THE DATa GIVEN BELOW IS APPLICIABLE TO A WOOD FRAME PANEL

.THE THERMAL PROFERTIES AND DIMENSIONS ARE GIVIN 1k CHA-
PTER" I1. r |

v a . v
1233323232833 23302323233 32332322283333305224828339293340338¢3 24841

GIVEN DATA

DATACHUW(K) 1K=2145)/. 000351-0014!o000175vo00244900003
DATACHKW(K) sk=198)/.,00445,002769.0023,.0073s.0045/
DATA(HHW(K) rk=1+6)/,17085.,03123,,0416,,025y.02085.0424/

S DATACCCICK) rKo115)/4.354)17,41612.177130.4781 4,354/

" DATACHH(K) yK=1,6)/1,38596+.,044754,,0446803y,04122

DATA(AH(K) rk=1+5)/,002557,,010227,.00128,.0204%5,,002557/
DATA(H(K) rK=1,5)7,002861,00142,,00143+.,004139,+.00286/

BATA(CC(K) 1K=105)/35,624+22.447+17.,812,12,528, 35,624/
DEFINITIONS,

INK=PANEL, TYPE INDICATOR(WITH OR WITHOUT 4 WINDOW)

INDEX=POSITION OF THE WINDOW CORNER NODE L '

IHOUK=NUMBER OF HOURLY CALCULATIONS REQUIRED

HOC=SIDEWAYS HEAT TRANSFER COEFFICIENT !

HOI=INTERNAL SURRACE COEFFICIENT OF H.T. N

INTFACE=PANEL LATER AT WHICH WINDOW IS INSTALLED

WIND(IT)=WIND SPEED AT TIME (IT) -

WDCIT)=NIND DIRECTION»T TIME (IT) -

TICIT)=INSIDE AIR TEMP. AT TINE (IT)

TOCIT)=QUTDOOR AIR TEMPERATURE AT TIME

Q(IT)=INTENSITY QF INCIDENT SOLAR RADIAPION AT TIHE (IT)

H{K)=HEAT TRANSFER COEFFICIENT BETWEEN TUD NODES IN THE
SAME LAYERs -

l%,
HH(K) =HEAT TRANSFER COEFFICIENT BETWEEN TWO NODES N '

TW0 CONSECUTIVE LAYERS.
CC(K)=THERMAL STORAGE CAFACITY OF THE NODE VOLUME.
A{K)=AREA OF CONTACT BETWEEN TWO NODES IN THO CONSECUTIVE
LAYERS.
AH(K)=AREA OF CONTACT BETWEEN TWO NODES IN THE SAHE LAYER

© HW(K)=SAME AS H(K) BUT. FOR WINDOW FRAME NODES

- e
c
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.(\)~ 10 ~c
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- c
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[ N c
. .
Yo §‘~\ i
£
' c .
- c
L 4 ¢
s 25 o
v c -
. 0
s c o
( ¥ c
e W
N R ¢
. N c
Y c
12/ c
LI
. C
. C
N c
4%, ¢ N
c
. c
. . .
c
50 . ¢
,C
¢
» £
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' c
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’ A
- ,
) L .
‘~

HHW(K)=SAME AS HH(K) BUT FOR WINDOW FRAME NODES '
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103
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FTN 4.84552

-

' HRW(K)=SANE AS H(K) RUT FOR TWD NODES ONE SITUATED ON THE
FRAME AND THE' OTHER ON THE PANEL. :
SCI(N)=SANE AS CC(K) BUT FOR WINIOW FRAME NOPES ,
ACI»J) COEFFICIENT MATRIX OF HEAT TRANSFER

C(I)=COEFFICIENT MATRIX OF THE SPECIFIED CONSTANT INFUT f“\

TR(I)=PRIVIOUS TEHFERATURE QF NODE I
TN(I)=FUTURE TEMFERATURE OFV NODE'! :
ENT(K)=RATE OF HEAT STORAGE ADDED TO THE LAYER K
HOA(IT)=0UTSIDE SURFACE COEFFICIENT AT TIKE IT
HCC(IT)=SIDEWAY SURFACE COEFFICIENT AT TIME IT
TSCIT)=INTER-PANELS AND PANEL-WINDOW INTERFACE TENF.
TCC(K)=TEMPERATURE OF LAYER K ON THE WINDOW OPENING
*r

}

HLOSS1%0.0

HLOSS220,0
© HLOSS3=0.0 .

HLOSS54=0,0 . Co

CLC'0.0 ) IS k’

QINFILT=0.0 - ' ‘

DT=3400.0 ' ) -

READX, (WIND(IT) IT=1,24)

READXy (WDCIT) 1T=1,24) , .

READX» (TICIT)sIT=1,24) ‘ . v

READZs (TOCIT) s 1T=1,24) ’

READX» (Q4IT),IT=1,24)

REAnt,run.INnEx,IHOUR.HOS-HOIvGP,GTYPE,INTFAcE

READX, ISTART

HOPEDLD#33.4 ‘ Ny

HO=10. .

TWW=4-INDEX

WI=IWW+((,20454545~,025)/,20454545)

IX=INDEX-1

B0 10 1=1,180

010 10 J=1,180 R

nox,J)-g.oo .

CONTINU

DO 15 L=1,180

A{LsLI=x1,00 s

C(L)=0,0

CONTINUE

’
¢

DETERMINATION OF INITIAL TEMPERATURE OF THE L@YERS
ttttttttttxthX!tt!ttttﬂttxtttt}ﬂ#tt!t!!t“tt!!t}t
R1=,02994012 . o Cof.

R2=, 85913475 .

RIx1,3451104 ‘ ™

RA=2,458512 - . .

RS=3.5359594

Ré#3.4585721 .
"DELTAT={TI(1)-TOC1) ) /Ré -
T1={DELTATER1)4T0O(1) T
T2=(DELTATER2)4TO(1) R .

T3 (DELTATXRI)$TO(1): '
T4=(DELTATERA)+TOC1) ;
TSy (DELTATXRS)4T0(1) ' . R |

*

r . -

.

fa

e

s
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PROGRAM FDIMFPZ 74/835 gpT={ ._“ﬂ“ ’ FTN 4,84552

&
.

115’ , DO 2 1u=1,36 ' r ’
TD(IVi=T1 : . .
CONTINUE ) ~ ‘ -
DO 4 IV=37,72 o
: TH(IV)=T2 P .
120 . 4 " CONTINUE =~ '~
. DO 5 IV=73,108 ‘
TD(IV)=T3 -
H] CONTINUE /
DO & IV=109,344 .
125 TD(IV)=T4 - .
: 1B CONTINUE o '
DO ? IV=145,180 :
TD(IV)=TS R
7 CONTINUE
130 PRINTXsT1,T2:T3:T4»TS .

(]

s A ’
B

HH(4)=HH (&)X (HOI/8,291)
" HHM{S)=HHU(6) X (HO1/8.291)
. - ICOUNT=INTFACE+1 :

135 ICOUNT2=INTFACE-1

HCC ¢ INTFACE ) =AH( INTFACE ) ®HOC

DO 585 I=ICOUNT,S

HCC (1)=AH(I)3HOI
85 CONTINUE L.
140 ' ) ' .
DETERMINATION OF COEFFICIENTS FOR MATRIX ‘A° .
1232222233833 83333083003 33333 433388332333 83 14 ’

OO O

TSS=T1+273, .
145 DO- 1}06 IT=ISTART,IHOUR .
. . INDY=RINDCIT)
np=wheIT) o C R
TAS=TO(IT)$273,
aY=a(IT)
150 CALL FILM(WINDY,WDDyTASsTES:QY HOPE” )
‘ ‘ CALL INFILT{INK;INDEX:TASsWINDYsCLCKyQINF)
MDA (IT)=HOPE
HH(1)sHH (1) KCHOA(IT) /HOPEOLD)
HHW (1) =HRW (1) X (HBA(IT) /HOPEOLD)
155 IFCINTFACE.EQ.1)G0TOD 587 ,
. DO 584 J=1,ICOUNT2 !
HCC(I)-AH(I):HOA(IT)
586  CONTINUE - o '
587 HOPEOLD=HOA(IT)
160 . TSC(IT)=TO(IT)+6.
. PRINT 3,17 .
3 FORMAT(//125X» tTENPERATURE DISTRIBUTION AFTER %12, XHOURSS)
DO 9 K=1,5
KN=K+1
145 c : . ~
C INTERNAL NODES (TYPE 1) N
¢ . .
.. SM1=(DT/CC &) o *
A ;o SK1=1,04(4,0 :u(x)xsn1)+(sn1nuu<K))+(su1tuu(xu))
170 ‘ © Plu{-1.0XSMIXH(K))/SKL )
: Wl=(-1,086H1%HH(K))/8KL g



175

180

1835

190

193

200

PROGRAH FDINF2

-

Owv

(g X ]

iz Rz N o]

CORNER NODES (TYPE 3)

2~

. -353~

74/835  OFT=l FTN 4,84552
» . ) .
W2= (=1, 0¢SH1KHH(KN) ) /K1
BKIN=1,+(SHLRCCIRHCK ) IHHRRIK) FHHCKY HHHCKND ) ., 4
PYi=(=1,%(SM1/8KI1) ) RHKW(K)
-l
BOUNDARY NODES (TYPE 2)

-
"

SH2= (DT/CC(K) x,5)

SK2=1,04(2,0%XH ()L, SXSP{"H(SH"XHH(KH.S)HSH"tHH(KNH S)
(H(K ) XSM2) + (AH(K)XHOXSNH2)

F2=(({=1.,0%842)/8K2) XH (K)%.J . .
P3I=( (-1,0%8M2) /SK2) XH (K)
W3=( (~1,035H2) /8K2) XHH(K) %3
Wa=( (~1,045M2) /SK2)XHH(KN)*, 3
ShI2=1,+(SM2X (H(K)+( o SEHH(K) )+ ( L SRHHCKN) ) +HKM (K) )}
FI3=((-1.2(SK2/8KI2) ) XHKW(K))

1 1

E

SM3=(DT/CLIK) %.25)

SK3I=1,04(2. OXH(N)X, SXSHI}+(SMIXHKH(K) K, 25)+(SHIXHH(KN) X, 25)
+{AH (N)XHOX . SX5N3)

F4x( (=1,0tSHI Y7SKI)RH(K)L.D

WS={ (=-1.088M3)/5K3) kHH (K)%. 25

No=( (-1, 0!5H3)/5k3)tHH(KN)¥. S

ARIBATIC INTERMEDIATE NODES (TYPE 4)
SK5=1.0+(3, 0!H(I\)!5H1)+(SH1¥HH(K))+(SH1XHH(KN))
PS=({-1,0%5M1)/5K5)EH (K) ‘
W7=((-1,038M1 ) /5K5) XHH(K) =
WB=((-1,0%5M1)/SKIYXHH (KN)

EKIS=1 +(SMIX( (2, BHC(K) ) +HH(K) +HH(KN) +HKUW(K) ) )
FIS=((~1.%(SM1/SKI3) ) XHKN(K))

ADIBATIC CORNER NODES (TYPE 6)

SK6=1,04(2 OXH(KNSHI)HSHHHH(K )+(SH1:HH(KN))
Fé=( (~1,088M1 ) /SKE)KH (K)

N9=( (-1,0%SM1)/5KA) XHH (K}

H10={ (-1.,085M1)/5K6) XHH(KN)

ADTARATIC/BOUNDARY NODES (TYPE %) .

SKT =1, 04 (SH2X CH(K)+HCK) %, S+ (SHARH(K) X 5 H(SM2XRHIKN ) %, 5)
+(AH (K)EHOXSN2)

F7=( (-1,0¥SM2) /8K7)XH (K) .

PE=( (~1,0%SHZ) /SKTIXH (K)3.5

W1i=((=1,00SM2)/SK7) XKHH(K)K, S

Wi2=m( (~1.0%SM2)/8K7) XHH(KN)&. 5

SKIZ7=1,4{BM2K CH(K)# (o SKHH(K) )+ ( . SAHH(KN) ) +HKW(K ) ))

FI?7=( (-1, K(SM2/8KI7) ) XHKU(K))
IF(INDEX.EQ.6 .AND.INK .EQ.0)B0TO 333

WINDOM BOUNDARY NODES (TYFE 7)

-
§M20=(DT/CCI(K) )
8K20=1. HSH"O!((2.3"“(K))+NNU(L)+HNU(K)+HHU(KN)+HCC(K)))
Pi3=( (~1.X8M20)/8K20 ) XHKW(K)
Fii=s{(~1,88420)/8K20) RHUW(K)

zé:n};af’ -

ey
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230 ]
C.
0
‘ e
c
2335
240
c
te
‘ c
245 c
c
250
.
¢
c
285 c
c
c
c
, 333
260
265
270
27%
- 17
280
- 16
20
H
28%

't
M

Nid=((-1.86M20)/5K20) RHHU(K)
W14z ((-1,¥5H20) /5K20) XHHW(KN)

WINDOW CORNER NODES (TYPE 9)

8M30=(DT/CCI(KIXL,877778)

-

§KIO=1 ., +(SHI0OK( (2, XHKN(N) ) +(2.XHUW (K) }+(1,878sHHW (K)

J4(1. 87B¥HHU(KN))+(HCC(K)%1.878)) )
P14={ (=1,%SH30) /5K3I0) ¥HU (K)
P15=2({(-1.X5430) /5K30) XHKW(K)
Wi1S={(-1.¢5M30)/5K30) xHHW(K)%1,878
W1pm((~1,28M30)/8K30) ¥FHHWIKN) XL, 878

ADTBATIC BOUNDARY NODES (TYPE B)

SK70=1 .+(SH20!(HU(K)+HKH(KHHH*(K)+HHU(KN)+HCC(K) )

F17=((-1.%28HM20) /8K70) KHKUWLK)
P16=( (=~1,%5K20)/5K70)XHW (X)
Wilts(€~1.25420)/8K70) XHHW(K)
W112= 1 (=1,26M20) /6K70) EHHUW (KN)

DEVELOPMENT OF THE COEFFICIENTS MATRIX®A*
1333332 3333733 3333333332333 282 0028830383

REFERENCE NODES

KLM=(K-1)%3é '

IF(INDEX.ED.2)GOT? 257

DO 20 I=2,IX
BO 20 J=2:5 '
TVa({I-1)%88)+JHKLH
Ivi=Iv-1

IV2sIV+1 .

IULst(I=2)%8)+ J4KLN .

TU2={I%&)+J+KLH
IWI=IV=3¢4
TW2=IV+34
ALIV:IVL)=PL
A(IV,TV2)=P]
A(IVyIUL)=PL
ACIVyIU2)=PY
IF(K.EQ.1)60T0 14
IF(K.EQ.3)B0T0 17,
ACIVIIWL) =N 4
A(IVITW2)=U2

60 10 20
ACIVIIWL ) =W

G0 10 20

ACIVI IW2)alY
CONTINUE

.D0 805 J=INDEXsS

I=IX )
IV {{I=~1)%8)+J+KLM

"t



300

<313

320

.. 325

330

333

340

PROGRAM FDINF2

-80S

¢ 173

172
210

806
257

-355-

74/835 OPT=l

IU2=(I%xé6)+J+KLN
ACIV,IU2)sPIY
CONTINUE
IF(INDEX.ER.4)G0TO 257

D0 210 I=INDEX:S

DO 210 J=2,IX
IV=({I-1)%6)+J+KLY
IVi=IV-1

IV2=IV+1 '
TUL=((I=2)%6)+J+KLHN
TU2=(Tx8)+J+KLN
IN1=IV-34

IW2=TU+34
ACIVsIV1)=PL )
A(IVIV2)=P]

ACIVs TUL)=PL

ATV IU2)=PL
IF(K.EQ.1)G0TC 172
IF(K.E@.5) GOTO 173

ATV, IW1) =]

ACIV, TH2)=l2
6070 210

- AV IWL) =L

6070210
AUIV) IN2)=N2

CONTINUE

DO BO6 I*INDEX:S

Jalx :

IV=( (I-1)86)+J4KLM
V28 (IVH)

ACIV, IV2)=P11
CONTINUE

IF (INDEX,EQ,2)G0TO 258
PSaP3 .

6OTD 259 °

PSaPI3

FOR NODES TYPE 2

DO 23 J=2,%

I=1
V= J+KLHK
IV121v-1
1V2=1V+1

TU2= (1%6) +JHKLK
IN1=IU=36
IN2=IV+36

ACIVY TV1)=P2
ACIVs TV2)uP2
ALV, TU2) =P8
IF(K.EQ,1)60T0 21
IF(K.ED.%)60TO 22
ACIVI IW1) =N3
ACIV) IW2) =W4
80 TO 25
ALIV) IN1)=U3
80°TO 2%

= FTN 4.84582 -

—

PN oy .
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_FROGRAM FDINP2

21
.25
343
350
353
360
27
26
30
‘345
' ©
¢
— c‘
170
" 807
375 808
’
380
\
385
32
390
N
¢33
395
]
809
810

-356 -

74/835 OPT#1

A(IV,INZ)=W4
CONTINUE

DO 30 I=2,5

Jul
IUs((I-1)%6)+J+KLM
1y2=Iv4L
TUI=((I=2)%6)4 J4KLN
IU2=(1x8)¢+J+KLM
IN1=IV-34 -
IWN2=Iv436 |
A(IV,IV2)=Pg
ACIV,IU1)=P2
ACIVyIU2)=P2
IF(K.EQ@.1)807T0 26 .
IF(K.EQ.5)80TO 27
ATV INL)=N3

ATV, IW2) =4

GOTO 30
ATV TH1 )=l

8070 30

ACIVy TH2) =W4
CONTINUE

IF(INDEX.ER.2)G0T0 471

FOR NODES TYPE 4

DO 35 I=2y1X

J=é

IF(I.EQ.IX) BOTO 802
PSSS=PS -

G0TD BOB

PESSaPIS-
IUs((I=-1)%6)+J+KLK
IVisly=-1
IULI=((I=-2)348)+J+KLK
IU2=(1%4)+J+KLM
INi=IV-36
TW2=IV436
ACIVIIVL)=PS
ALIVIIUL)=PS
ACIV»IU2)=PSSS
IF(K.EQ.,1)0QT0 31
IF(K.EQ.51607T0 32
ACIVeIW1 ) mlN7 <
ACIV,IND2) =l

60TD 3%
ACIVs TN ) =7

GOTO 3%

ATV, IN2) =48
CONTINUE

DO 40 J=2,1X

14 '
IF(J.EQ.IX)BOTO 809
PeESxPS

G0TO 810

-PE8S=PIS

Ve ((I=1)86)$J4KLN




400

403

410

It

420

. 430

433

440

443

- 430

433

PROGRAM FDINMP2

-357 -

74/835 OPT.1 N - N : FTN 40

IV1=1y-1
IV2=IV41

T IUIm((I-2) %6)4+J4KLM

IW1=TY-36 : .
IM2=10436 . - -
ACIV, IV1)=PS ' :

ACTV, V2)=PSSS :
ACIVy IU1) 3PS .

IF(K.EQ.1)G0T0 38 - .

IF (K .EQ.5)GOTO 39

ACIV TN =W

39

38
40

‘471

800
801

A(TIV, IN2)=UB
GOTO 40
ALIV, IW1)=W7
GOTO 40
AlIV,IN2)=N8
CONT INUE

FOR GORNER NODES (TYPE 3)

Iv=14+KLN ‘
V2= 1V41 : ) RN
IU2=74KLN \ i .
ATV, IV2)=P4 . , “
ALIV,IU2)=P4 .
IN1=TIY-36
IN2=TV+36
IF(K.EQ,1)60TDAL
IF(K.EQ.5)60TDA2 , ¢

ATV, IND)=WS . - . :
ATV, IND)=ME \ .. .
8OTG 43 ‘ o

© ALIV, TH1) =S e

B0TO 43
ATV, IN2)=Wé

ADIABATIC BOUNDARY MNODES

IFCINDEX.EQ.2)80T0 800

pSS=p7 . .

8070 801 A
FOR NODES TYPE ¢ ,

PES=P17
V=4 +KLH
IVi=Ty-1

U= 124KLA R ,

44

A(IV,IV1)=P8
ATV, IU2)=PSS
INI=Iy-36
IN2=IV+34
IF(K.EQ.1760T0 44
IFC(K.ED.5)GO TO 46
AlIV,IWl)=N11Y
ACIV,IH2)=W12
G60TQ 47
MIV>INLI=HLY

843352

I3



460

445

470

475 .

480

- 483

490

505

310

PROGRAH FDIMP2

44
47

81

80
83

500
{2
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74/835 OPT=1

GOTD 47

ACIV, IW2)2N12
IVvel1+KLA
W2x1V+1

U 1=25+KLK

ALV, IV2)ePSS
AlIVyIUL)=P8
IN1=TY=~34
IN2=1V+36 -
IF(K.EQ.1)60TO 80
IF(K.EQ.5)60TC 81
ATV, TW1)aR1L
ACIV, TH2)=N12

60 T0 83

ATV  TWL)aR1L
6070 83

A(IVIIH2) =012

 IF(INK . NE.0)80 TO 232 '

FOR ADIABATIC CORNER (TYPE &)

1Ve364+KLA
i=Iy~1
TU1=30+KLN
ACIVIIV1)aPé
ACIVs TUL ) =P6
IN1=1y-34
IN2=1V434
IF(K.EQ.1)B0TD B4
IF(K.EQ.5)60TC.. 85
ATV IW1 ) =W9

ACIV TW2) =410
60T0 222 - -
ALIVs THY Y =49

60TO 222

ACIV) TW2) =U10
6010 222

FOR NODES TYPE ¢

TUsKLM+ ¢ IX84)+INDEX
IvisIv-1

V2=1V+1

TUi=lv-4

IU2s1V+6

INi=IV-36
TW2=IV+34
ACIVIIV1 ) ®P1S
A(IVIIV2)=PL4
ACIVITUL Y 2P14

IV IU2)#P13
IF(K.EQ. 16070 300
IF{X.EQ.5)60T0 501
A(IV ) IN1 ) =l1Y

ATV IN2) 8N1

8070 502
ATV IMT ) »ULS

R

" FTN 4.8+

& e @

w

(L]

[ ]

2
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PROGRAN FDINP2 74/835 OFT=1 JFTN 4,.84552
. A .

[
(=
(5]

JIF(INN.EQ.O) GOTOZ222 . v
913 IF(INDEX.EQ.6) GOTO 222 :

”

FOR NODES TYPE 8

e NaNe]

N
TVUGsKLM+ ( INDEX%6)
520 IvisIvD-1 '
IV2=IVR+41 *
1UL=IVR-6
IN1=IVR-36
Iu2=1VQ+36
52% A(IVa,IV1) =P8 : !
CALIVO V1) =PL7 . \
IF(K.EQ.1)GOTO 503 )
IF(K.EQ.S)GOTO S04 -
. ACTVO TW1 ) =111 . . A )
530 503 ACTVR IR =112 '
GOTO 505
504 ACIVO) IN1) =011t
505 IVY=KLH+ (30+INDEX)
IVi=IvY-1
52y IUlsIVY=4 '
‘. IN1=IVY=34
IN2=IVY434 ¢
ACIVY IV1)=P17 . T
- ACIVYIUL ) =P18 : ) . .
540 .7 IF(K.E0.1)G0T0 S06 .
IF (K.E0.5)60T0 507
ACIVY TW1) =ML .
506 ACIVY,IN2)=W112 .
» 6OTO 508 A \
545 507 ACIVY, W) =W111 : Y

C FOR NODES TYPE 7

,  S0B  INJ®INDEX+1+KLM+(IX%4)

550 INJ=IV0-1
DO S10, IV=INJyIMJ
IVisIv-1 .
IV2sIV41 . .
: IULsIv-4 . .
555 . » IWi=1V-36

Iu2=1V434

ACIViIVI)=P11 . .

ACIVIIV2)=P11

. ACIVSIUL) .
560 IF(K.EQ.1D BOTO “51 L .
C o y IF(K.EQ,%)G0TO 512 .

- ACIV TN ) =13

S11 ACIVYINZ)=M14
: 80TO 510 . .
545 512 ACIVINL)=W13
" 510 CONTINUE

‘ INJSINDEX+&+KLN+( I1XT6) '

INJ=10Y-6 .
DO 520 IV=INJsINHJs16 ' : )
570 t IVisIy-1 ’

Sk ' -



573

580

385

590

595

600

605

410

613

420

4238

PROGRAM FDINP2 747835 0PT=1

822

820

/

é

1

[z RNz E R NeNe R ]

w?

-360-

’

»

Tutslv-4 .
Tu2elV+6

IuieIv-3¢

TW25iV434 -
ACIONIY1) =P13
A1 1) =p11

ATV IU2) =P1t ,
IF(K.EQ. 16070 S21
IF(K.EQ.5)60T0 522
ACIVIINL) =W13
ACIVIINZ) =14

EOT0 520

ACIV/IND ) =413

CONTINUE

.

IF(K.ER.1)60T0 90
IF(X.ED.S)G0 TO 91

HC=0.0 .=
. TC=0.0

68070 95

HC=HH(4)

TCaTI(IT)

6070 95

HCaHH(1)

Te=T0¢IT)

DEVELOPHENT Of MATRIX 'C*
b2 $933383 23333322 ¢333383% %

RO 820 Ix1,S
IF(I.LT.INTFACE)GQTO 821 -
IFCI.GT.INTFACE)GOTO 822 '
TCeC(haTSCIT)
GOTO 820
TCC(D=TBCIT) ‘
GOTD 820 o
TCCLIIATICIT)
CONTINUE
Al=,04183884
. A2=,02091942
Ad=,01045971
A6=,00991478
© AS=,00311364
ST=T8(IT) .
ASS=((Q(ITH>$0(IT=1))/2,)%, &5
IF (K,NE,1) GOTD 94
Qs5=Qss
-BOTO 9 -
03-000

v

FOR WALL PANEL NODES -

IF C(INDEX.EQ.2)80TO 403
FOR NODES TYPE !

DD 60 I=s2yIX .
) . /

i v



630

6335

640

643

830

633

660

685

670

675

680

PROGRAM FRIMP2 74/835 OQFT=1 FTN 4.8+3552 .

-

OO0

40

601

97

62

64

2 Xz Xz)

66

48
¢

647

o000

CCOIV)=CTD(IV) /SK2) +( (SM2/5K2) X (HCXTCX.5))

-361-

D0 60 J=2+5 o
IVE(CI=1)86)4J+KLH

CCIVY= (TD(IV) ZSK1)+( (SH1/8K1) % CHCATE) ) +((5H1XQSXAL)/SK1) o
AR(IV) =l : ~ .

CONTINUE -

IF(INDEX.EQ. &) GOTO 603

D0 601 I=INDEX»S

D0 601 Je2sIX

Vs (I=1)%6)+ J+KLH

COIV)=(TI(IV) /SK1)4( CSN1/SK1) X CHCATC) ) +( (SH1XQS¥AL) /SK1)

AR(IV) =A1 .
CONTINUE . :

GOTO 603 ‘ .
1x¢ .

"0 602 Ja2iIX .

U= ((I-1)%6)+J+KLH »
CCIVI=(TD(IV) /SK1)+{ (SH1/6K1) X (HCXTC) )+((SH1*053A1)/SK1)
AR(IV)=AL ’ ) y
CONTINUE . "

FOR NODES TYPE 2
B0 62 J=2s5 - - N

[V J+KLN » A
COIVI=CTO(IV) /8K2) +( (SH2/SK2) 2 (HCETCE.S)) \
$((SM2%05%A2) /SK2)+( (SH2/5K2) X (AR(K) XHOZST)) ' AN
AR(IV)=A2 . .
CONTINUE )

DD é4 1=2,3 s - »
IV=((I=1 )84 +1+KLHK } .

+{(SM2%QS¥A2) /SK2)+( (SM2/6K2) X ( AH{K) XHOXST))

AR(IV)=A2

CONTINUE

IF(INDEQEO.Z)GOTD 647 : $ .

FOR NODES TYPE 4 ]

D0 66 I=2sIX

IVs(CI-1)%6)+6+KLN: , !

CCIWY = CTDCIV) /SKS)+( CSM1/8KS) X (HCETC) ) +( (5H12QS%AL) /SKS)
AR(IY) =AL

CONTINUE v .

DO 68 J=2)1IX u
IV=30+ J+KLN e L
COIV)= (TDCIV) /SKS)+( CSM1/SKS) X (HCXTC) ) + ( (SHIX@SXAL)/SKS) -
AR(IVI=AL ) , ‘ , B
CONTINUE { -

FOR NODES TYPE 3
cuw_m-(m1+KLn>/5K3>+<(sn:s/sxmmmmuo:sn S))
+(SH3/SK3)B(HCRTCL.25) + ( (SH3XQSXAT) /8K3) .,
AR(14+KLH)=A3 ‘

FOR NODES TYPE 3
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720
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PROGRAM FDINF2

-

(g

iz EsNeNe Nyl
ot

749

~

~ . o4

‘¢ -362-

-2

94,835 O0FT=1 PN 484552

CC6RLA) = (TRISHKL M) /SK7) 4 ( (SH2/SK7 ) 2 TAH(N ) XHOLST) ) +
C(SH2/8KZ7) X (HCATCxX, %)) +( ( SH2XQSXA2 ) /5K7)
AR (6HKLK) =A2 .
C(31+KLH)-(TD(31+P\LN)/SK7)+((SHZ@SK?)!(AH(K)lHUtST))
+(SH2/SK7 )  (HCATCx . 5)+( (SM22053A2 ) /5K7)

{31KL M) =42 .

F(INK.NE . 0)GOTO 93 -

FOR NODES TYPE & ‘ {J )

C(36+KLH)=(T[l(36+KLH)/SK6)+((SHI/SKé)t(HCtTC))

+( (SHI12ASXAL)/SKS) )
AR (36+KLM ) =At -

80T() ¢ -

'
- s

FOR NODES TYPE 7

Phad 3

FOR WINDOW FRANE ‘NODES(TYPENG) ’ .

. ¢ ‘J
IV=KLA+ (I X244 INDEX '
CCIV=(TD(IV)/SKI0)+((SH3Q/SKE0)I B CHCKTCE. 2295)+(QSXaé)))+
(HCCCK‘XTCC(K)H B?B)t(SH30/5K30) " "

AR(IVI=AG | o e
(INDEX.EQ.4) GOTOD ¢ .
IUQ=KLK+ ( TNDEXSS)

CCIVM=(TD(IVA)/SK70)+((SM20/5K70) q(HCtTC* 1222)4¢ Qs+

(HCCIK)ETCC(K))) Y
AR(IVO)=AS o ; ‘ ,
wy-xwézmm ¢
CeIval

(HCC(K)XTCC(K))))

AR (IVY)=AS .
TINJSINDEX+14KLK+ ¢ LX26) . :

IMJUsIVO-1 ¥

DO 700, IV=INJsIHJ

CCIV)S(TDCIVI/SK20) +( (81120 /SK2012( CHGRTCE . 1222)+ms:as)+
(HCC(K)$TCC(K)) )

AR (IV)aAS - o

CONTINUE -
INJ-INDEX+6+KLH+(IX16) /
IMJ=IVY-4 . -

DO 720 1V=INJ/INJs 6 ) .
C{IVM(TDC TY)/8K20 )+<<suzo/sxﬂo)x( cnm «1222)+{ 053454
(HCC(K)XTCT(KN)) ) ’ . :
AR (IV)=AS : CoLe
CONTINUE . ' -

IF CINDEXYER.0)B0TD ¢
IF CINDEX.GT.5)00TQ 9
NX=INDEX+1

IVaKLEHII-0)E) 4], w» '
A )

CCTv)=0,0
ARCIVIN.O  «
CONTINUE : o .
CONTINUE / ~ - P '
' v .
- ® -
i .
! Vf',‘ !
o

DCIVYI/8KZ0)4((SM20/5K70) X ( (HLXTCK, 1222) + ( QSAT) +-

.

DO 740 I=NXs6 S .
" DO 740 JeNX»é

N

R
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PROGRAN FDINFZ® .'74;ezs§ opt=t = C FTN 4.84552 -

' ) .
‘
.
~
- U - SUROUI AN S

. N
8070 101 S~ o ¢ -
N=180 ~

ALL GAUSS(N ) I .
%U\QQQ‘JKziyﬁ - T e .
AUN=OT =" - v )
AVO=0.

" AREA=O. .- ' ) ,

PRINT 103»JK C ‘ i
NNE = (K236 -~ \ B S
MN= (NNE=35) T e - -
PRINT 0!(TN(I)|]=HN!NNE$ ) nf

tF (nne Q. 26, OR NNE . EQ. 180)G0TO 937 /
6070 936 . . PN oo /
AURZAUNH(TNCIOIRARCIG)) = ,‘// .
AVO=AVO+(TD(IG)2AR(IG)) . .
AREABAREA+AR (1) -

CONTINUE

AVTI=( (AUN/AREA)+(AVO/AREA)) /2.
PRINT 939,4VTI ,
CONTINUE . \
FORMAT(/16(2%XsF10,5)) " ) ©
. FORMAT(2X, XAVERAGE SURFACE TEMPERATURE =%+F10.4)
TBOUND=0.0 “

TBO=0 .0 . N . N '
COUNT120,0 a ~ s

* COUNT2=0. O > T

TWIN1=0.0 - o , . .
TWIN2=0.0 oo I A
THON1=0.0 .
THON2=0.0 . .
THIN3=0.D

THON3=0.0 : ' .

AHB=0 .0

AHH=0.0 . : -, . i

AHA=0.0 <> a

CALCULATION OF THE RATE OF HEAT STORAGE

N0 102 JK=1,3 o S . N
FTN=0.0 " Iy '
PT0=0.0 L .' "
AREA=0.0
AREAF=0,0 ' . BN
FTNF=0.0 ) '
PTOF=20.0
NNE=( JKE34) - ;
MN= (NNE-35) , \\
DD 110 I0=HNsNNE "
TSIF(INK.,EQ,0.AND,INDEX.ED. 6\PDTO 909
IF(ARCIQ) ,EQ.AS.OR.AR(IE).EQ.A4)GDTO 900

PTN= (THCIGSRAR (10)) +PTN

PTO=(TINIQ)IXAR(IQ))+PTO :
AREA=AREA+AR(IN) ¢ T .
GOTO 110 C

uPTNF=(TN(I0):AR<10));PfNF

o)



" 843

8350
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830

PROGRAN FDEHF2

910
912

7103

OO

1100
1101

o .’ v T~ . .
! yooy ) \'\
e . ! .o
- . 4 Q’ KN
. -364- \ .
. } ) ..’ [
i . v -
T 74/835 OPTer - FTN 4,845
o N L e
PTDF-(TD(IG)*AR(IG))+PTOF , ] . -
KREAF =AREAF+AR (10) T */
CONTIMUE Ctel R
AREATOTAREA+AREAF @ c
FNCJK) = (PTN+PTHF)/AREATOT ) RN

r

P0(JK)‘TPTD+PTDF)/QR:ATOT
IF CINK.EQ.0)GOTO 910 -

“ENTF= (CCI(JK)X(AREQF///9511364)1((PTNF PTUF)/AREAF))

GOTD %12 -

ENTF=0.0 *
ENT(JK)*(CC(JK)X(AREA/ 04183884)*((FTN PTU)/RREA))
+ENTF

rORHAT(//v.SXr*LAYER NUMBER %,12)

CALCULATION OF THE SIDEWAYS HEAT LOSS OR GAIN

R332 2SI 2332022232243 23 222323302 33 322 ¢4

10 306 Jalsg - : S
I1=¢(JK-1)33894J '

IFCTNCD) (LT.TSCIT)) GOTO 307
TBOUNR=TROUND+TN(T)
COUNTI=COUNT1+1,0

60TD 306 g :
TEO=TRO4TN(I) ~ .-
COUNT2=COUNT2+1.0 i ‘ o
CONTINUE -
DO 312 JEINDEX»$ .
I=((JK-1)¥38)F (1XX6)4d :

IF (N EDL INTFACE)GOTO 315
IF(IK.LT.INTFACE)GOTO 313
IF(JK .GT.INTFACE)B0TO 314
TWIN2=TWIN24(TNCDRAHCJK))
TMONZ=TWONZ+ (TD (1) A (JK))
AHH=AHH$AN (JK)

60T0 312 :
TWINI=TWINI4 (TN (R RAH CJK))
TWON1=TWON1+(TD(1)¥AH(JK))
AHARAHA+AH (JK) °

60TO 312 : ,
THIN3=TWINI4 (TSI RAH (JK)) ~

. THON3=TWON3+(TD(I)XAH(JK)) R
AHB=AHB+AH ( JK) ;o S

CONTINUE : . .
CONTINUE . - S

T85=PN(1)+273, . - -
IF(COUNT!,EQ.0,)G0TO 1100 ‘ .

- TR=TROUND/COUNTL Coe

TRDIF=(TB-TS(IT)) * : . ,
CONB1=(COUNT1/30. )*1 S18XHOXTBDIF .

G0TO 1101 co
CONR1=0.0 o .o

- IF(COUNT2,E@.0.) GOTO 1200 oo .

< TBB=TBOLCOUNT2

TBRDBIF=(TS(IT)~-TBR) . -
CONE2x= (COUNTR/30.)%1,.518%HOXTBEDIF

GOTO 1201 , .
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FROGRAM FDINF2
1

"365"1 ‘

e . ¢ »

.74/835 OFT=!

CONB2=0.0 .

PRINT 119,CONEL,CONB2 W :

FORMAT(/)SXvXHEAT LOSS BY CONVEC,
, @ F10.5s5%,F10.5) . .

AT ROUNDARY SURFACES =%,

CALCULATION OF THE RATE OF sznsuavs HEhT LOSS OR GAIN AT
THE WINDOW -OPENING. /
‘Fx;x::xxxxxtxx:xxxxxx:xxxxxxxtxxtxx:xxxx:xxxx&xxtz::xxxxx
IF(IT.NE.1) GOTD 121
TOUT=TOIT) - .
. HOAAVE=HOA(IT) =~ .. ' .
TSAVUSTO(IT)+4, - )
TH2=TWIN2/AHH =~ °
IF (AHA.EQ.0.0)50TO 325 * ' »
TUI=TWINL/AHA
BOTO 326
TUI‘OQO ' N
1F (AHR.EQ.0.0)GOTO 327 . Lo
TH3=NTIN3/AHB '
6070 328 .
¢ TU3=0.0
6070 12 - )
p TOUTD-TO(IT 0% .
TSAY=(TOCIT)4TOUTD+12, )/
TOUT=C(TO(IT)-TouTM /2 )+TOUTD
HOAAVE= (HOA(IT)+HOA(IT 1))r2. .
IF(aHH £Q.0,0)GOTO 343 -
WX CCTWIN2/AHH) - (THON”/GHH))/ < JH(TUON2VAHN) ’
, GOTO 345 N . .
TW220.
IF(AHA.EQ.0.0)GOTC 340 - e
TW1=(((TNINL/ARA) ={TWONL1/AHA) /2, )+{THON1/AHA)
GOTO 341 .
TW1=0,0
IF (AHB.EQ.0.0)60T® 342 ¢
Tu3=(<<7urns/nua> (THON3I/AHB) ) /2. >+<fhon3/aus>
GOTO 12 .
Te3=0. o
HSTDRE:((ENT(l)+ENT1")+ENT(3)+ENT(¢)+ENT(5))/3600 I%¥4,
SAMB= (((PN(1)=-PD(1))/2.)4P0(1))~TOUT
.TaS= (SANB/2,) 4273,
" SROOA=TI(ITH-C((PN(3)=POCS))/2.)4P0O(S))
CONO=SANBX (1.125#:2-:((HI:.20454545)!¥2.0)ilHOAAVE#A.
_CONI=SROOMX(1.125%%2,~((WIX,20454545)%%2,0))XH0I%4.0
IF(INK.NE.D) GOTO 533 | "
COW1=0.0 ‘
COW2=0.0 _
COW3=0.0 ,
‘GOTD 545
TW11=TW1+{((TAUT-TW1)XRF )/ (RFF(1,/HOA(LIT))))
TW22aTW2+{ ((TOUT~2.-TH2) XRF) 7/ (RF+(13/HOC)))
IF(INTFACE.EQ,1)60TO 814
IF(INTFACE.EQ,2)G0T0811 AN
IF(INTFACE.ED.3)GOTO 812 T
IF(INTFACE.ER.4)G60T0 813 . .
DEP1=,16875 .

'

o e CFTN 4.845% i -

%



814
817

- 818
\ 819

e

417

415

115
114

117
118

« 10%

107

PROGRAH FDIMF2

- FORHATA?»KX!&CDNUECTION AT INTERFACE!

. CONTINUE e ‘ : B

' -366-

’ - —— e L o

FTN 4.84552

e .

747835 OFT=1.

) Al

DEF2:.0125 .. ‘
DEP3=0.0 . : . .
GOT0 815 . ~ -
DEF120,0 : R
DEP2:.0125: , . ,
DEF3=. 16875 : .o -
6OTO 815 . - .- .
'l=, 2 . 4 .
DEF1=,0125 ) e

. DEF2=.,05 S ,

DEF3=,1187% . : .
GOTO 815 ° . , ‘
DEF1=,0425 , - P} .

© - DEP2=,00625

DEF3=,1125

GOTO 81%
DEF1=.0687%

DEP22,10 .
BEFP3=,0125

1# (INTFACE .EQ.5) GOTO. 915
COMI=MTI(IT)—( TW3) ) *HOIR(DEF3XWIXG %, 20454545) ot
GOTO 817 . .
COW3=0.0 ) : .

IF (INTFACE.EQ.1)60T0 919 :
CON1=((TW1)-TOUT) XHOA(IT) X (DEF1XWIX,20454545%8,)

G0TD 819 ; . .
cov1=0, 0, ¢ ‘ .

couz; ((TR’) TSAV ) XHOCX(DEF2¥WIX,20454545%8, ) o

PRINT OF RESULTS AND INITIQLIZATION OF THE FOLLOHING TIHE

INCREMENT.
t*!!**tttttttt*tl*t!!ttxt!tt!*ttxt*t*it!t!ttt{!l*!t!*x&**

PRINT 115,COND . 4,
PRINT 116sCONI, - ) ’
PRINT 117+HSTORE

"PRINT 118,5ANR,SROQN . ' -

PRINT415+COM1COW2,CPNS e
HL1= CONO+COUI+COM2LEANB2

HL2= CONI+CON3 ~Hsfhns+consi S
PRINT 416HL1 . . Co
PRINT 417 /HL2 '
FORKAT{ 7+ 8X)XHOURLY RATE OF H.L.TO OUTSIDE:¥)F10. 5)
FORMATS« s SYp XTOTATL RATE OF H. INPUT:%:F10.5)
£e3(F10.5,5X))
FORMAT (255X, XHEAT LOSS RY CONVECTION AT EXT. SURFACE= &
1F20.5)

FORMAT(/ 5% tHEAT LOSS RY CONVECTION AT INT. SURFACE= &
1F20.9)

FORMAT (/1 SX/XHEAT STORED WITHIN THE PANEL *3,F20.%5) °
FORMAT(/+» SXs4TEMF , DIFF OUT=%»F10.,5,%TENF, DIFF.IN =8)F1045)
DO 105 1=1,180

TR(I=TNCT) i

CONTINUE , '

DO 107 I=1,180 °

10 107 J=1,180 L
ACTID) =0.0

[




va

e

§76

975

980

983

990

104

9353

711

750

- 751

[ ~]

[~}

. -367-

74/835  0OPT=1 .

» ! . - .
. -

D0 108 I=1,180 N
AlIsI)=1.0 ) s

CONTINUE : .
HLOSS1=HLPSS1+COND ,
HLOSS2=HLOSS24HL1 Lo
HLOSS3=HLOSSI+HL2
HLOSS4=HLDSS4+C0ON1+COW2
PRINTX/CLCK » QINF

CLC=CLCK4CLE

QINFILTaQINFILT+RINF

CONTINUE . ’
PRINT 953/HLOSS1/HLOSS2sHLDSS3 s HLOSSA
PRINT® »CLCsQINFILT
FORMAT(/ 15X s 4(F14.5:)5X))
PRINT' 711 '
FORMAT(/+45Xs%I NP U-T
PRINT 255 -

PRINT 750 .

DATA &/

FORHAT(ZX!‘TIHE‘!lHiVSleUIND!vQXvlHl!uX!
¥SURFACE COEFFICIENTSX®rS5Xs1HX 28X+ NIR TEMPERATURERs7X»1HX s

Xy XINCIDENT®) 6X1 1HX)
PRINT 751

o

FORHhT("X:tHOURiv1HK12Xv*SPEED¥y2Xr*DIRECTIQN*vﬁX:IH!;
2Xy$INSIDE® 2% s $OUYSIDE X, 2X) *INTERFACEX ) 2Xs 1HX 92Xy
KINSIDEXs 2X» XOUTSIDEX s 2X) XINTERFACEX 22X s LHK s 2Xy

KTOTAL RADIATION®s3X»1HE)

PRINT 755

FORMAT(2X1 109 (1HX))

DO 7352 IT=1,IHOUR .

PRINT 7'3:IT;UIND(IT)vUD(IT)vHUIrHOA(IT)vHGC TI(IT), TO(IT):

TS(IT)QUIT)

~

FORMAT (2Xs T4 1HEIF10.5+F 10,50 LHEF10.61F10.6¢F10. 6’1Ht;

Fio0, SvFIO.JvFIO Sr1Rks SX2F10.595Xy LHX)

CONTINUE' .

PRINT 735 )
5TOP :
END

o




£~

10

13

20

25

-368 -

'+ 747833 OFT=1

o

SUBROUTINE FILH(Q}NDYrUUDvTASrTSS;QYrHDPE )

TSKY=TAS-2Q,

STBOL=5.67/(10.%%8,)
HR= .841-uOXSTBﬁL!(TSS+T8KY)*((TSStx
IF(WDB.EQ.0.)B0TO 5

JIF(WDD.ER.45.)60T0 107
“IF (WDD.ED.90.)60T0 15

IF(WDDR.EQ.135,)607T0 20

FTN 4,848552

.

D) H(TSKYRX2,))

Y

HC=6.274(2 .65¥UINDY)
80OTC 25
HC=?7.,774(2, 9IUINDY)
86070 25 .
HC=7 .54 (3, 286XWINDY) .
"G0TO- 25 '
HC=7.33+(4,1XKINDY)
80TO 25
HC=4 .85+ (2, 43XWINDY)
HOPE=HRYHC ’
RETURN * )
END o .
S
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. ° SUBROUTINE GAUSS . 747835 OFT=1 -. -
! . . L] Y . —. ’
- . 1 SUBROUTINE BAUSS(N) ., - .~
COMMON A(lBO:lBD)rC(lBO),TN(180)
- ~ .i ' HaN-1 ~
. [ - DD 10 I=1,H: *
- .. 5 : LxI41 o
B DO 10 JeLsN - -
. TF(ALI»J))6y10s6
. . . b DO & N=L»N' .
. . 8, ACSIK)=A(J9K) = ﬁ(IxK)!A(J:I)/h(I )9
J 10. C(Uy=CiJd)= C(I)xA(J /AT D
10 CONTINUE ,
P o TNCHYZC O /ACN Y N) :
o - DO 30 I=isM > .7
. . KaN-] L
15 L=K+{ . L
° DO 20 J=LyN° . ;
- 20 CCKISCIKT=TN(J>XALK )
TN(K)=C(K)7A(KIK)
30 CONTINUE oL
i .20 RETURN _ - )
. END R . \
N A : - -
. . o .
. Bl ; ) -
L , '
- ]
' - \_':
.- L]
* " . N
\: N - - 4
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.



FTN 4,84552 ,

1

74/835 OFT=1

SUBROUTINE INFILT °

SUFRQUTINE INFILT(INK:INDEX; TASiUINDY!CLCK;OINF) '

THIS SUBROUTINE CQLCULATES THE HEAT LOSS ASSOCIATED WITH
-INFILTRATION,
Nk IS A FARAMETER TO INDICATE THE F‘ANEL TYPE(HITH DR .
THOUT A WINDOW.
INDEX 1S A PARAMETER TO INDICATE TEHE POSITON OF THE WIN-

"TAS 15 OUTDOOR AIR TEHP(ABSOLUTE)
WINRY IS THE MIND GPEED

CL=CRACK LENGTH
CK=INFILTRATION COEFFICIENT -
CLCK (CRACK LENGTH XINFILTRATION COEFFICIENT)

QINF IS THE HEAT LOSS DUE TO AIR INFILTRATION
!tttttt*tt!tttt*!x!tiitlt!!t!*!!*t!xt!!t!ttXX*!!!*X“‘*!X*
IF(INKJEQ.Q)BOTO S Lo -
o IF (INDEX.EQ.21607T0 10 . :

o IF(INDEX.EG.3)GOTO 15 Coe .

OO0 0000000

P

-,

30

*,»  IF(INDEX.EQ.4)GOTO 20 :
25" -

IFCINDEX.EG.5)GOTO

- I

F(INDEX.E0Q.6)60TD

_LLa17,
60TO 35 .
CL=13.34 .
" GOTO 35 -
+CL*13.71
GOTO 35

CL=12,07 ° .

6070 30 -
CL=10.44

GOTO 35 o

CL=9.

.

30

»

.

. 35, - CK=.0814(.024%WINDY) ¢, 0096!(UINDY!t2 ))+‘ »00SIX (WINDYXXI, ))
. CLCK=CL2CK .
QINF=(20,-(TAB-273, ))‘tCLCK ° - ' .
RETURN '
END
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’ (ZUVINILHTAONNV L) 25 = 0AUNY L
(THYA00Y I NOHDOYY 15 ° = 3ALO0Y
0L NNy

(3AVNVE IAV00UH) - ¢ F=2AY 1Y
" . v CTUVINY L FTUDNAVLII X% = INUNY L

. i e £ THVIO0MA 1HON0UM) 25 = JAVONY
o - Y P (3NVTVIIONVIIOSIV JOVYIAY ANV (IAUNYT)
_zehbutazczb JOVHINY (IAVOOY) ITHVLII 43S TUVIIAY 0 NOTLVHEI VD

' ' avy 0109
S CIYYIO0ULZUYIO0Y) * 1)/ CTYYINY LITHYANY L) = CHY JNUL
: ' (Ceeuv.ony v
' »ﬂiomucz.i.q.\n..Nunqxcknchvnrx¢ac=z-v+azcgcagunz<.osx.
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" PROGRAN. DFY

© =372, .
74/835 OFT=1 FTN 4.84552

kY

o

PROGRAM DFV (INFUT,OUTPUT) .

DIMNENSION PLUH(9136) .

COMMON EHE(9s34)DELTAS(9) .

CORMON W1rW2yW3sDsNSSyDISIPDS HPsHIsH2 yHI s Yo HH W OHZLZ '
EQUIVALENCE (EHE(1y1)+PLUNM(1y1)) .
‘*****‘X‘x***i****t*******x***"********t*x**t*‘t‘ix***‘*

- e

THIS PROGRAM CALCULATES DAYLIGHMT LEVELS AT A GIVEN REFERENCE
POINT "INSIDE THE ROOM.IT IS A TIME DEFENDENT VERSION OF THE
CIE DAYLIGHT. FACTOR METHQY.THE LUMINANCE DISTRIRUTION OF
THE CLEAR SAhY THAT,HeS DEVELOPED BY KITTLER IS UTILIZED,

THE GIVEN DATA ARE AS FOLLOWS:
‘OH=HE IGRT OF\OBSTRUCTION ’

BH=HEIGHT OF BRUILDING . )

DIS=DISTANCE OF OBST. SURF. FROM BUILDING
ORREF=0RSTRUCTION REFLECTANCE

BREF=BUILDING REFLECTANCE

GREF=GROUND REFLECTANCE . , .
WISWINDOW R.S.EDGE YO R.S«WALL DISTANGE ¥ '
W2=WINDOW WIDTH ' : :
WI=WINDOW L.S.EDGE TO L,S.WALL DISTANCE

DSS=DISTANCE OF REF POINT FROM MINDOW

POS=DISTANCE OF THE REF.POINT FRON R.S. WALL ‘
HP=REF ,POINT HEIGHT ABOVE FLOGOR |
H1=DISTANCE BRETWEEN UINDOH HEAD AND CEILING
H2=WINDOW HEIGHT
H3=DISTANCE BETWEEN WINDOW SILL AND FLOOR
AT=LATITUDE ANGLE{INITIAL VALUE)

=EXTERNAL WALL THICKNESS
WA=AREA OF EXTERNAL WALL
H1I=GLAZING X INCREMENT REQUIRELD
GLASST=AVERAGE TRANSMISSION OF GLASS ’
LWAZ=INCREMENT -REQUIRED FOR WINDOW AZIMUTH ANGLE
AVREF=AVERAGE REFLECTANCE OF INTERIOR SURFACES
NBU=NUMBER OF VARIOUS LATITUDES TO BE EXAMINED .
NBS=NUMRER OF HOURS NEED TO BE. EXAMINEDR PER HALF DAY
N =DAY OF YEAR TO BE EXAMINED
LL2=MAX IMUM GLAZING X TO BE' EXAMINED
ATHAX=LATITUDE ANGLE INCREKENT
HH=ROOM HEIGHT : '
b #ROOM DEFTH .
W =ROOM WIDTH ’
OR=0BSTRUCTION ANGLE C
DEC=DECLINATION ANGLE ' '

AIS3SUN AZINUTH ANGLE . ’ .

V=INCREMENT. IN THE ALTITUDE ANGLE(SKY RINGS)
U=INCREMENT IN THE AZIMUTH ANGLE (SKY ELEMENTS)
VX=ALTITUDE ANGLE FOR THE CENTER .OF THE SKY RING
UX=AZIMUTH ANGLE FOR THE SKY RING CENTER
ZENP=ZENITH-ELEMENT ANGULAR DISTANCE
ALTP=ALTITUDE ANGLE OF A CENTER POINT OF AN ELEMENT
AZF3AZIMUTH ANGLE OF A CENTER POINT OF AN ELEMENTY
COGAN=COSINE OF THE ANGULAR DISTANCE BETWEEN THE ELEMENT
AND THE SUN.
’

v

13
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POINTSN=ANGULAR DISTANCE BETWEENTHE ELEMENT AND THE SUN

EQU=COEFFICINT (ALFHA)DOF THE SKY ELEMENT

PLUN=t?UMINANCE OF THE SKY ELEMENT AS A RATIO OF ZENITH LUNIN,

DELATS C1)=AREA OF ELEMENT IN THE I TH. RING

EH=ILLUMINATION ON HORIZONTAL UNOBSTRUCTED PLANE’

ILZ=LUMINANCE OF THE ZENITH -

EAST=ILLUMINATION ON EAST VERTICAL SURFACE

WEST=ILLUMINATION ON WEST VERTICAL SURFACE

HNORTH=ILLUMINATION ON NORTH VERTICAL SURFACE

SOUTH=ILLUMINATION ON SOUTH UERTICAL SURFACE

WAZ=WINDOW AZIMUTH ANGLE

LWAZ=WINDOW AZIMUTH INCREMENT

EHP=SKY ILLUMINATION AT THE REFERNCE PGINT

SKYFACT=5KY FACTOR

OBL1=DIRECT TLUMINATION ON OBSTRUCTION(BE‘AHDIFFUSE)

BFL1=DIRECT ILLUMINATEON ON BUILDING (BEAN+DIFFUSE)

GLUHL=DIRECT ILLUMINATION ON GROUND (BEAM+DIFFUSE)

0BL=TOTAL ILLUMINATION ON OBSTRUCTION(REFLEC. INC.)

GLUN=TOTAL ILLUMINATION ON GROUND (REFLECTION INCL:)

ECIE=LUMINANCE DUE TD SKY AND EXTERNALLY REFLECTED LIGHT
AT 4 REFERENCE POINT OF INTERNAL SURFACE

CIEL=CEILING LUMINANCE

RSWL=LUHINANCE OF RIGHT SIDE WALL:

RLSWL=LUKINANCE OF LEFT SIDE WALL

BUL=LUMINANCE OF BACK WALL - '

EREF=REFLECTED ILLUMINATION AT THE ROOM REF. POINT

TOTE=TOTAL ILLUMINATION AT THE ROOM REF. POINT

BF=VARIABLE DAYLIGHT FACTOR

ﬂ"*#*tHH***Htﬂttttttﬂ**t"ﬂntttﬂtttt!ﬂﬂ*lﬁtt“

'

INPUT DATA

READX» IK o

D0 176 IJKs1,iK )

READXy OHsBHy DIS,OBREF s RREF /GREF
READX»W1sW2/W3+D,D55,PDS

READX» HPsH1,H2 »H3,AT»ROD

READXy Y s WAIHI T » GLASST » LWAZ) AVREF

READX s NRUSNBS » NyLL2s ATHAX

HH=H1+H2+H3

W1 +W2+W3 .
P123,1415927 .
CONVERT=PI1/180, K .
INCONV=180,/P1 .

DETERMINATION OF THE VIEW FA.CTORSvLATITUDESrDECLINATION
ANGLE, POSITION OF THE SUNsANDTHE ALPHA COEFFICIENT FOR
EACH SKY ELEMENT, .

CALL RATIO(RAB»RARsRAL »RAC/RABW)

DO 44 NB=1:NBU

ATHAX=ATH+ATHAX

PRINT19 »ATNAX '
FORMAT ¢ SXotLATITUDE ANGLE =%sF10, 5) '

ATITUDE= (ATHAX ) XCONVERT )
CA;.L DECLIN(N» DECL)

DECsDECLXCONVERT
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CALL COEF(NMH/ASC)
AZSOLD=0.0 « -

DO 3 NF=1,NBS

HU= (NFX15,0)-15.0

HOUR=HUXCONVERT

VSUN=COS (ATITUDE ) XCOS(DEC ) %COS(HOUR)
+CSIN(ATITUDEYXSINCDED))

AL TSUN=ASIN(VSUN)

USUN=(COS (DEC)XSIN(HOUR) ) /COS(ALTSUN)
AZSUN=ASIN(USUN)

AL T5=ALTSUNX{INCONV) ) . .
AZS=AZSUNX(180,/F1)

IF (AZ5.GE AZSOLD) GOTO 873
AZS=(90,-AZS5)490.

PRINT 10+ALTS .

PRINT 11,445 -~ -
AZSOLD=AZS

ZLZ=(55.943%ALTS) +164 .o .
FORMAT(2X s xSUN ALTITUDE ANGLE 2%,F10.5:% DEGREESX)
FORHKAT(2X s XSUN AZIMUTH ANGLE =X,F10.5:% DEGREESX)
ZENSUN =((PI/2.,0)~aLTSUN)2R00

EEHZ0,0

V=0.0

DO 150 KLM=142

IF (KLM.EG.2)60T0 155
KK=1 '
KKK=1 .
GOTO 156

KK=9

KKK=16 .

DO 100 I=KK,9 - .

V=y+10.0

U.=°00 )
DO 100 J=KKKs3é : :

© U=U+10.

IF (KLH.EQ.2) B0TO 157"

UX=y-3,0 .
ux=u-5,0 ,/7
6070 158 ‘ |

UX =y \ .
UX=y

ALTP=((UX)/360,0) %2, 0PI - :
AZP=((UX) /360,082, 0%P] \ -
ZENP  =((P1/2,0)=ALTP)

ALPHA3(AZP~AZSUN)

8

COGAN=(COS (ZENSUN )tCOS(ZENP))HSIL (ZENSUN ) xSIN(ZENP)XCOSCALPHA))

FOINTEN=ACOS(COGAM)

AA=1,0/COS(ZENP)

A= EXP(~,32%AA)

B= 10,0%EXP(-3,0%XPQINTSN)
BR=,45((COS(POINTSN)$22.0) .
BBC= (10, 0%(EXP( -~3,0%ZENSUN)))
CC=,45%(COS(ZENSUN)32.0) ‘
EQU=({1,0-A)%(0.P14Kk+BB) )/ (,27385% (. 91+BBC+CC))
IF(KLM.EQ.2)60T0 159

PLUM(I/J)=EQU ©

GOTO 100 '
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159

100 -

150

83

103

80

c

.

201

92
200

999

[
o
[ 8]

R ‘ '
-375-~
. 747835 OPT=y
‘5 N ’
- p ) ! ¢
ZLUN=E01
CONTINUE
CONTINUE A
IF(LUVE@.0)GOTOD 103
DO 83 J=1:36 :
PRINT 925 CJr(PLUMCI» D)1 1=1,9)) -
CONTINUE .
FLUNEN=0, 0

DO B0 J=1%36

PLUKEN =PLUN(9sJ) +PLUNEN
CONTINUE :
LUN=PLUMEN / 36,0

TM=0.0

DETERMINATION OF SKY ELEMENTS AREAS

DO 90 I=1,9 |

THM=THt10.0 N
B1=RO0XCOS(THX{PI/180,0))
B2=RO0KCAS((PI/1BO,0)K(TH~10))
SQ01=50RT ( (ROOXX2,Q)-=(B1%%2,0))
AREA1=2,0XPIXxR00X ( ROC-501)
«S@2=8GRT ( (ROO%X2,0)-(R25%2.0))
AREA2=2, O %P IXRO0% ( ROO-302)
ARDIFAREA2-AREAL

DELTAS(]) =ARDIF/36.0

" _CONTINUE . .

i

Yo

DETERHINATION OF SKY ILLUMINATION ON VERTICAL
SURFACES FACING SOUTH/NORTH»EASTsAND WEST.

HNGR=(0.0

HNT=0.0

EAST=0.0

WEST=0,0

HMORTH=0.0

BO 200 J=1,34 ‘

DO 201 I=1,9
DPLUN=PLUM(I,J) ‘
CALL AREAC I,JsDPLUM )
SIR=(I%10.0)-5.0

EEH=EEH+EHE (1) DE(SIN(SIRXC(PI/180.)))

CONTINUE
EH=EEH$ILZ ,
IF(LU.E0.0)G0T0 200 °©

PRINT 929 CJy (EHE(Xy J)eIs1y D))
FORMAT(2X2 I2,2X19(F7,413X)) -
CONTINUE :
IF(LU.E0,0)GOTD 280 .
DO 210 I=1,9 .
TIR={1$10.0)-5.0
TRR=COS(TIR®(P1/180,))

DO 202 Je1,18 '

ZIS(.SXPI)—((JllO.-S:)t(PI/lBO.)) ]

- BAST=EAST+EME(I+J)XTRRXCOS(Z1)
CONTINUE



' A . F .

f3v6- .. : \

\ N ‘}ROGRAH pFy * 747835 . OPT=1 - ' FTN 4.8+4552
' = " .« ’ .

N ) n
L . ’ DO- 203 J= 19.36 . - . - ‘ T
‘ N 230~ 22=(1,54R1) - ((JF104 =5, ) K(PL/180.)) ° .

. ., - WEST=WEST+EHE(I,J)XTRRXC0S(Z2) . v

, o . f 203 CONTINUE® o L
DG 204 J=10,27 ° e .

, 23=(PD)-((JX10,-5.)K(PI/180.)) .~ - ‘o
235 - . HNORTH=HNORTH+EHE (I, J) X TRRKCOS(Z3) L
A 204  CONTINUE . . to. .
D0 220 J=1,9 S . A T
HNDR=HNDR+EHE(IyJ)}TRR*CCO%(tJtiO.-S.)t(PI/ISQ.))) ” ;? s -

220 CONTINUE L
D0 222 J=28536 '
HNT= HNT+EHE(I;J)XTRR*(CDS((tha‘-5 YR(F1/1804)))
CONTINUE :
: TonTinve : T -
: ' o . SOUTH=HNOR+HNT o - g
. 245 , PRINT 205, HUsEAST S, ; : , R
5é ." PRINT 2067HUJUEST / ko
. : , FRINT 207, HU,HNORTH .
‘ PRINT 208+ HUsSOUTH
. 205  FORNAT(/y2X,RHOUR ANGLE =%,F7.242X¥EASTERN HEN. ILL.=X,F20.10)
S © 250 206  FORMAT(/»2X»RHOUR ANGLE =%sF7,2/2X,XWESTERN HEM, ILL.=%,F20.10) B
o ' 207 FORMAT(/»2X,4HOUR ANGLE =3,F7,2,2X XNORTHERN H. ILL.=X,F20.10)
°s ; 208~ " FORMAT(/,2X/8HOUR ANGLE =¥+F7.2,2X XSOUTHERN Hy ILL.=%,F20,10)
‘ 280  PRINT 125:EH ' -
: - 125 FORMAT(///»SX,#ILLUNINATION ON HORIZONTAL PLANE=XiF20.8) ~° .
- 255 130 FORNATC/»SXrE(Ko120%1%s [20K) 1 10X/ KCOS(ZENR=0,0)8) ‘
127 FORMAT(2Xs110(1H3)) 7 .
* FORMAT(2X,XWAZKs2X» 1HK, XSKYFACTA, LHE s 3K, FEHPE» 2K, LHE
A @ 3X3XDHORE s 3X» LHK, 2X» XEHGE s 2X, 1HR1 4X» $DBF % s 3X 1 1HX 12Xy ;
. ' " : D XENER 20 LHK 14X 0GRS 3X1 LHK 1 7X) KEROR ) 260 {81 4X 30BLA, SX ‘ *
0 1 1HE: 4X, XGLUME, 84Xy 1HX) N - , Lo,
\ ° . . DO 410 L=1sLL2 - a s . i
~ ' ot 4 PRINT 127 . . . T i-
' - PRINT 126 5 PN ‘ )
. S PRINT 127 . ' o :
# 285 ° * HI=LEHII ' g -
: Lo C - 'DETERMINATION OFTHE WINDOV DIMENSIONS - :
. CALExHINDOU(UAyH})HHfule:H}yHSlevuszB).b . .

2

‘ KPP=
A o : WAZ=0,0 ’ .
- 270 - KWAZ=340/LWAZ - : . .
' - IF(OH.ER,+0.,0)GOTO 13 ‘ ¢, .
-, C e X * OB=ATAN((OH~-HP)/(DIS+DSS4YTIR(180./P1)" |
P ¢ GOTO 14 ° : - :
. 13 0B=0.,¢ ‘ - “ L
> 27507 ° 14 F=ATAN(C(H2+H3) - HP)/(Y+DSS))X(180 /P1) :
o +f DO 400 K=1rKWAZ . °.
. : ) s WAZ=WAZHLWAZ ’ .
“ IF(F, 67.0B) ,60TO 393 - - .
: Y 4 s .

A - o

e

c

c - DETERHINATION 'OF THE SKY ILLUHINATION AND THE SKY FACTOR

p - c s ‘AT THE REFERENCE POINT - o
c .

' L © o~ 0 EHP=0,00 L o : .
s - - SKYFACTF0.00 ) ) . . . - .




- -377- - - . :
° " PROGRAM DFY ~ © 74/835 OPT=1 AR FTN 4.8+552 -

c CALCULATION OF DIRECT BEAM ILLUNINATION.

GOTO 194 . - . o o
393 CALL CONFIG(KPP, WAZs EHP) :
/290 C SKYFACT= (EHP/EH)klOO.' i
’ 394 , CALL DIRECT(AMsASC:DEC HUUR,uaz.AZSUNyALrs,nrxrunE, -
Q 0H-H3vD?§>$R1?H0R DRF+DOR) ,

.C
c . CALCULATION QF THE LUNINANCE OF THE EXTERNAL SURREACES *
€

CALL LUHIN(HAZ sz,OH,nIs,nH,Euo.EHB »EHG»CyB,0BSs0BR) .
0BL1=(EHD+DOB) $OBREF o .-
BFL1=(EHR+DBF)XBREF - - o \
- GLUM1=(EHG+DHOR)XGREF T
300 , TOB=(EHD+DOR) +({CA180,) XGLUM1XCOS (. SXOBSX(P1/180.))) ‘
' @ +((B/180.)&BFL1}
. \ © THOR=(EHG+DHOR)+{(0BS/1B0. )tOBLl!SIN& SXORSX(P1/180.)))
- 0 +((OBB/180.)XRFLIXSTN(.S¥OBBX(P1/180,)))
. OBL=TOBXOBREF .
305 GLUM=THORXGREF . : /. -
¢ i .
CALCULATION OF THE -LUMINANCE OF INTERNAL SURFACES,THE REF-
L2CTED COMPONENT,THE TOTAL 'ILLUMINATION:AND THE DAYLIBHT
FACTOR, ‘

ooOoOOoO0on

310, . ,
! DG 408 ISURFAC=1+4 ’ ‘
.o CALL WALL (ISURFAE/WAZ»SKYyOBF+GROF)
ECIE= (<ohrxoaLstas§T>+(GROfstunstAssr)+(sxvstAssr) N
’” * 0 )eAYREF . :
315 IF(ISURFAC,EQ,1)60TO 501 « . -
- . IF(ISURFAC.EQ.2)G0TO 502 - -
. 1F(1suRFat.E0,3)60T0 503 ‘
A Y n CIEL=ECIE ) . . . T
\ o 6070 408 : N -
320 501  RSWL=ECIE - . ' . .
. 60T0 408 .
. , 502  .RLSWL=ECIE ’ o .
: 5070408 N © :
503 BML=ECIE . e~ , ?
125 408  CONTINUE . .o '
. - 4% IF(LU.ER,0)GOTO 120 A
PRINT 506sCIELsRSHL,RLSWL s BNL 3
. 506 - RDRMAT(2X:4(F10.252X)) :
. ‘ * 120  PRINT 12 ‘oHAZ;SKYFACTrEHP,DHORvEHGvDQFyEHBrDOBvEHOvOBLvGLUH
x,Fio 2.1thF7.‘rlﬂ! F10.2"

-

330 122 FURHhT(”X!FS 111HXsF7 .25 1HXsFB. 2,
’ * ,* @ r1HX F8, 2+ 1HXYF9.2) LHEsF12
. . EREF=(CIELXRAC)+(RSWLARAR) +IRI
. 0 +(BWLXRABW)+ (OBLXRABXGLASST)
' - TOTE2EREF+(BHFXGLASET)
335 s . DF=(TOTE/EH) X100,

‘ 309 FORMAT(2X:7(F8,292X) /)
400 CONTINUE [ I
- © . 410 CONTINUE . \
3400 < 3 CONTINUE
. . PRINT 127
' . A4 CONTINUE /
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SURROUTINE AREA . 74/835 OPT=1 : “\FTN 484552 -

\\\\
1 SUBROUTINE AREA(I»J DPLUN ) .

‘ COMMON. EHE(9:36)sDELTAS(?)
[ THIS SUBROUTINE CALCULATES ILLUMINATION DUE TO EACH SKY

’ I c ELENEN _
5 PI=3.1 S9°7
' EHE(irJ)=(DPLUH‘ DELTAS(I))
T . RETURN o ;
END 4 Coe .
/ . . . .~
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) SUBROUTINE DECL.IN' o 74/83% 0OPT=1 . FTN 4.B‘|'$2~
4 v ~ : [ ) 0 - ©
1 R SUBROUTINE DECLIN(NsDECL) . w0
oo c THIS SUBROUTINE CALCULATES THE DECLINATION ANGLE UF THE
~ " . C" . SUN FOR, A GIVIN DAY N. . , e
L - K PI=3.1413%27 " ‘
¢ 5 LC=SIN(2,XPIX{2844N)/365.0) .
3 . DECL=23.45%C N - ‘. . -
“r . . PRINT 3N ' '
43 FORMAT (/92X xDAY OF THE YEAR =%s13) ) R
! PRINT 61,DECL ,
! 10 41 FORMAT.(/+2Xs *ANGLE OF DECLINATION "'t!F"O 107 - -
. RETURN i . o
\ ; END . - . '
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& . SUBROUTINE CONFIG

_ -381-
74/835 7 OFT=1 -

.Q ) | .

SUBROUTINE CONFIG(KPPy WAZ +EHP)
TOMMON EHE(9,36) »DELTAS(9) .
CONHON #19U2,U3sDsDSSIDISHFDSIHP »H1 K2 P HI» Y s HH W OH Y ZLZ
THIS SUBROUTINE CALCULATES THE THE ILLUMINATION AT THE
REFERENCE FOINT(EHF) DUE TO- SKY PATCH VISIBLE -THROUGH
THE WINDOW CONFIGURATION.KPF IS THE RELEVANT POBITION OF
POINT WITH RESPECT TO THE WINDOW sAND WAZ IS THE AZIMUTH
ANGLE OF THE WINDOW,

.

FTN 4.8+4532

)f“\

ANGA=WINDOW HORIZONTAL ANGLE
ANGE=WINDOW VERTICAL ANGLE
VW1=VERTICAL ANGLE OF THE LOWEST. VISIBLE SKY RING AROVE
OBSTRUCTION
UNZ=VERTICAL ANGLE OF THE HIGHEST UISIBLE SKY RING BELOW
THE WINDOW HEAD.
UM1=THE AZINUTH ANGLE OF THE VISIBLE ELEMENTS AT THE
EXTREME RIGHT SIDE OF THE WINDOW -
UM2=THE AZIMUTH ANGLE OF THE VISIBLE ELEMENTS AT THE -
-~ EXTREME LEFT SIDE OF THE WINDOW
B =DBSTRUCTION ANGLE .
F =WINDOW VERTICAL ANGLE .

S=W1442
EA R : .
DS=D§S . ‘ ‘ e
PI=3,1415927 ’ : o
CALCULATION ‘OF {WINDOW VERTICAL ANGLES Vu1, VN2 .

" ¥ IF(OH.E0.0.0)68T0 17 .

v

OB=ATAN((DH-HP)/ (DIS+DS+Y))X(180./P1) Co
GOTO 14 .
. OR=0,0
F=ATAN(((H2+H3)-HP)/(G4DS) ) %(180,/P1)
» IF(F.LE.OB)GOTO 100 C.
ANGE=F-0B .
VW1=0B
VN2=VW1+ANGE
,IF(KPPVEG.1) 60 TO 35
"IF(KPP.EQ,2) GO TO 35 .
" IF(KPP.ED.3) GO TO 45
BA=ATAN((Y/DS)/S)X(180,/PI) . .- _ = .,
CASATAN (WY/DSYR(180./F1) ~ . .
ANGA= (90,5 -BA-CA ‘ .
GOTO- 40
BA=ATANC(Y+DS)/( . 5442) ) 2(180. /PT) : ‘
" ANGA=2,£( (%05 )-BA) ' : ;
IF (KPP.EQ.2) BOTO &1 : .
UN1=270, +WAZ+BA : R
60TO 62 .
. UN12270,+WAZ-BA |
UN2=UM1+ANGA | »
1Ve1=UN1 : ‘
IF(I¥W1,E0.0)60 TO & .
1I1=1vut . -
GOTO 8 y
=g’ A

LA
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_ . . SUBROUTINE CONFIG 74/835. OFT=1 .
) R \\ ’ . ’ f
VL 8 Iwwz=vg2
| JuMi=uut !
. | 60 Juw2=uM2 S

{ . " EEHP=0.0. -
: .o ‘ KJ=(JUH" -Yuwiy
a . : \ c CALCULATION OF TOTAL SKY ILLUHINATIOﬂ
. ' c RECEIVED AT THE REFERENCE POINT .
*,_ " &5 D0 80 I=II,IVN2 . .
« > : IH=(1/100+41 o
.- A , . DO BO J=1isKJ
s JJJ=Juw1+d -t
. ‘ JF(JI.LT.360)G0TO 20
. 70 ] IF(JJJGE 360, AND.JJJ.LT.720)60T0 23
) . . IF(JJJ+EQ.720)6GOTO 24
v , . JX=((JJJ=7201/710)+1

o ' 60 TO 22 /
: S 23 ¢ JX=((JJJ-360)/10)+1 .

7554 . GOTO 22 - ;

2 24 UX=(J4JJ-360)/10 ..
' GOTO 22 Cw

‘80 . . 8o CONTINUE ,
EHP=EERPXZILI
’ oo . GOTO 101 .
. L v 100 EHP=0.0 :
- 101 RETURN v
83 END .

’Q

o

20 JX=(JJLL100 42 . i -
-3 - 22 . EEHF=EE ¥+(EHE<IH,JX)x(SIN((rnx1o. 5. )t(PI/lBO 1)3)/100.)
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. ' SUBRDUTINE DIRECT 74/835 OFT=1 . - RTN 4.845%2

' A ‘. - ° ll <
° . " ‘ A
SUBROUTINE ,DIRECT(AMsASCDEC HOUR,WAZ s AZSUN»ALTS »ATITUDE s
. , Q OH»H3+DIS,BHsDHORsDBF,DOBY = - -
THIS SUBROUTINE CALCULATES THE DIRECT ILLUMINAPION ON THE
GROUND(DHOR) sON THE® BUILDING SURFACE(DBF),AND ON THE

OBSTRUCTIDN(DOB). ‘

%

2

—
o
OO OOO0O0O0O0O00O0O000

10
30
13

30

33 - C

EXRAD EXTRA TERRESTRIAL RADIATION
TH=COSINE OF THE INCIDENT ANGLE OF BEAH RADIATIUN
5=TILT ANGLE OF THE SURFACE

- CANN=SUN~WINDOW AZIMUTH ANGLE DIFFERENCE

TERAD=TERRESTRIAL RADIATION
. BIERC=DIRECT BEAM ILLUMINATION ON THE SURFACE
DHOR=DIRECT BEAR ILLUMINATION ON THE GROUND
DBF=DIRECT REAM ILLUMINATION ON BUILDING
DOR=DIRECT BEAM ILLUMINATION ON OBSTRUCTION

F1=3,1415927
§=(P1/2,)
EXRAD=1353,%(1,+(.0352C05(2, kPTX(N-4)/366)))

D0 40 I=1,3

IF(1.EQ.1)GOTO 10

IF(I,EQ.2960T0 15

TH=SIN(ALTSX(P1/1B0,))

§20.0 .

GAM=WAZE(PI/180,) ,

60TO 20 . ) :
GAN=WAZX(FI/180.) .

60T0 20 '

GGAN=(WAZ+180.) -

IF (GGAM.BT,340) GOTO 22
GAH=GBANX(P1/180.)

6G0TO 20 ,
GAN={GGAN-360,)X(PI/180,) .o
TH=(SIN(DEC)¥SINCATITUDE)2COS(S))

- (SIN(DEC)*COS(ATITUDE) XSIN(S)2COS(GAN))
+(COS(DEC) XCOS (ATITUDE) XCOS(5) $COS(HOUR))

.

'

1 +(COS(DEC)tSIN(ATfTUDE)tSIN(S)tCOS(GAH)tCOS(HDUR)[

+(COS(DEC)XSIN(S) XSIN(GAMIXSIN(HOUR))
CAN=((AZSUN-GAK)X(180./PI))x%2,
CANN=SQRT (CAN) - '
THET=ACOS(TH)

IF(CANN,EQ.360,) GOTO 2

* CAD=340.-CANN . -

6070 3 . .
CAD=0.0 ’ :
IF(CANN.LE.CAD) GOT026
ZRIFF=CAD .
GoTd 27 . .
ZDIFF=CANN
IF(ZDIFF.GE.?0. QND I.NE. 3)6070 30
AE=EXP(AN/ (SIN(ALTS#(PI/180.))))
TERAD=ASC/AE .

DIREC=SORT ( { (TERADETHX100.)%xx2,))
6070 32
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-384 -
74/835 O0OPT=1 .

DIREC =0.0 .

IF(I.E0.1) GOTO 41 . :

IF(I.EQ.2) 6OTO 42

DHOR=DIREC

60TO 40 - ‘

ANG=ATAN( (.5%0H)/DIS)%(180.,/P1)

IF(ALTS.LT.BANG)GOTO 48 ..

DRF=DIREC ~ ,

60TO 40 - .

DBF=0.0

60TO 40
“RANG=ATAN( ( .SXBH) /DIS)X(180./FI)

IF (ALTS,LT.BANG)GOTD 4% )

BOE=DIREC

GOTO 40 .

POB=0.0 ’ '

GOTO 40 . - .

CONTINUE

RETURN . .- C e

END ' :

FTN 4.8+3552
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SUFROUTINE LUMIN 74/835 0PT=1 ] FTN‘f.8+55"
1 SURROUTINE LUHIN(HAZﬁZLZyOH DIS+BHYEHO>EHRIEHGY C+B+0OBS»QRR)

COMMON EHE(9136)

* THIS SUBROUTINE CALCULATES OBSTRUCTION AND GROUND LUMINANCES
EHO IS THE LUMINANCE OF OESTRUCTION DUE TO SKYSEWB IS THE
LUMINANCE OF BUILDING DUE -TO SKY;AND EHG IS THE LUNINANCE 3
OF THE GROUNI DUE TO SKY.

OBE 1S THE VERTICAL ANGLE OF OBSTRUCTION FROM A REFERENCE
POINT ON THE GROUND, OBR 1§ THE UERTICAL ANGLE OF THE
BUILDING FROM THE SAME REF. POINT ON GROUND.'

w

WAZ=WINDOW AZIMUTH ANGLE
ZLZ=ZENITH LUMINANCE *

~ DH=OBSTRUCTION HEIGHT

\nlgﬁgifgancs BETWEEN OBSTRUCTION AND BUILDING
BHEBUILDING HEIGHT .

DAZ=AZIMUTH ANGLE OF OBSTRUCTION °
JOZ=AZINUTH OF THE ELEMENTS ON THE EXTREME RIGHT SIDE OF
THE OBSTRUCTION, o
1S=FIRST RING OF ELEMENTS ABOVE BUILDING AS VIEWED. FROM
OBSTRUCTION.
SKB=AZINUTH OF THE ELENENTS ON THE EXTREWE RIGHT SIQE OF
THE BUILDING.
' © ISK=FIRST RING OF .ELEMENTS ABQVE OFSTRUCTION AS VIEWED
. 25 g . FROM BUILDING.
, ;. - . PI=3.1415927
”" DEG=18b, /PI

MO0 OO0O00000000OnnNaOoOO0O0OMm0

CALCULATION OF ANGLE C FACING GROUND:B FACING BUILDING AND A
FACING SKY(AT DBSTRUCTION KHID HEIGHT). :

3

o
<
cooo

: C=ATAN(DIS/(.S¥0H))XDEG . . \\ - -
’ . o s B1=(90,-0) _—
- B2=ATAN((RH-{.SX0H)) /DIS)*DEG .
35 B=B1+B2 : :
- : . A=(90~B2) ‘ -
‘CALCULATION
* OF DRSTRUCTION LUHINANCE DUE, 0 /SKY( EHO )
EEH0=0.0 N ,
0AZ=WAZ+180, . s : ' .
: J0Z2(DAZ-70)/10 e
- .t 152B2/10 ot
45 DO 202 I1A=IS,9
‘ = B0 202 J=1,18 ) 1 .
INZ=J0Z4J -
. : . IF(JNZ.GT.34) GOTO 201 . &
\ 6OTD 199 L ‘
50 201 JNZ= UNZ-36 \ -
“ 199 TIR=(IAX1Q.)-5. *
: TRR=COS(TIRX(P1/180.)) K
' TR$=COS( (DAZ~(INZ%10.-5,))%(P1/180.)) :
. EEHO=EEHO+(EHE(IA+ JNZ)XTRRETRS)
: 55 202 CONTINUE . G ey , .

.
g NeRely]

‘a

\

EHO=EEHOXZL2Z ' , : . R
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* 'SUBROUTINE LUMIN - 74/835 OFT=1 '} FTN 4,8+552
[ s .

j c . CALCULATION OF BUILDING FACADE LQHINANCE DUE TO SKY(EHB)

{
80 | EEHB=0.0 : _ C
] JWAZ=(270+WAZ)/10
; ’ SKB2ATAN( (OH-(,5%BH))/DIS)XDEG ' : -
/ 18K=SKB/10 . .
IF(ISK.GT.0)GOTD .207 '
451 18K=1
o 207 D0 203 IE=ISK:9 ,
, DO 203 J=1,18 :
F JW=JNAZ+ ] .
IF(JW.BT.36.AND. JW.LT,72)GOTO 204 o
70, - IF(JN.EQ.72)60TD 209 :
IF(JW.6T.72)60T0 213
JuJ=Ju N . . '
: 60TO 205 : ‘ - -
| 204 Judz JW-36 _ , A
75" GOTO 205 ' :
209 JuJs JW-36 - , .
. GOTO 205 . . .
213 JWd= JW-72 :
205 TIR=(IEX10.)-5%
80 . TRR=COS(TIRK(PI/180.))
. WAZD=( ((JWX10.)~5,)-JWAZXI0,) )
: IF (WAZB.GT,90.)60T0 258 o
WAZDIF=90.-WAZD
GOTO 259 o .
85 258  WAZIDIF=180.-WAZD -~
- 259 TRS=COS(WAZDNIFX(PI1/180,)) .
EEHB:EEHB+(EHE(IEyJHJ)tTRRtTRS)
203 CONTINUE
EHaxsEHszLz .

CALCULATIDN OF GROUND LUHINANCE DUE TO SKY( EHB )

oMy

OBS=ATAN(OH/{.5XDIS))*DEG-
OBB=ATAN(BH/(,S8DIS))XDEG
95 IF (WAZ.GE.270) GOTO333 '
NH=(904WAZ) /10
‘ BOTO 323 . ~
. 333 NM=(({90+WAZ)-360)/10 ~ - .
323 IF(WAZ.GT.90.)60TO 313 ‘
100 ) IF(WAZ.EQ.50,) GO TO 314 .
: 'KM=(270+WAZ) /10,
60T0~303 ) .
313 KH=(270+WAZ-380r /10 - ., .
. GOTO 303 ) - . .
105 314 Ki=1 . c ;
: 303 EEH61=0.0 NS
EEHG2=0,0
10BS=0BB/10 .

.

7

CALGULATION OF ILLUMINATION ON GROUND FROM ONE HALF OF THE
SKY. .

110

-

o000 o

. - DO 979 1Y=IQHES,Y . )
DO 979 J=15%18 . C , o
. . = A’M\

\

- .-
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115

130

135

140

145

SUBROUTINE LUMIN

344

343
353

979

OoOoOn

364

363
373

879

LEND

< =387-

74/835 OFT=1.

NHN=NMN+J

IF (NMN.LT.34)60TD 343
IF(NMN.EQ.34) GOTO 344

JZI= NMN-36 ‘
6070 333 ‘ .'
JZ= NMN :

GOTO 353

JZ= NMN
SIR=SINC(CIY®10,)-5,)%(P1/180,))
EEHG1=EEHG1+(EHE(IY,JZ)%SIR) .
CONTINUE

10BB=0B5/10

\

CALCULATION OF ILLUMINATION ON THE GROUND FROM THE OTHER

HALF OF THE SKY.

50 e;;ﬂ;c =108Bs9

DO 8 m94=1.1a ¢
Kﬂ»:ﬁﬂ4 o
IF (KM \i.ss)soro 363 o .

IF (KHN-EQ. 34)60TO344 . SN

JZ= KMN-34
80T0 373 )

JZ=KMN ) w
60T0 373

JZ=KMN ¢
SIR=SIN((C(IC%10,)~5.)%(P1/180.))
EEHG2=EEHG2+ (ENE(IC)JZ)¥SIR) o .
CONTINUE r
EEHG=EEHG1+EEHG2

EHG=EEHGXILZ

RETURN

FTN 4,8+552
.'
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SUBROUTINE WALL 744835 OFT=t- FTN 4.84552

+

SUBROUTINE WALL(ISURFACs WAZsSKY»OBFsGROF)
. COMMON EHE(9536)DELTAS(9) . , .
COMMON W1sW2s83yDsDSS+DIS,PDSsHP ML H2/H3 s YsHHI Wy OHPZLZ

10

335

435

50

. 55

oo on

(I ReleNel

14

PI=3,1415927
DEB=180./PI

CALCULATION OF HORIZONTAL ANGLES SUBTENDED FROM REF.POINT

ON A GIVIN SURFACE (UM1 AND UW2)

IF(ISURFAC.EQ.1) GOTO S
IF(ISURFAC.EQ.2)GOTO 6
IF(ISURFAC.ER.3)GOTO 7
IF(ISURFAC.ER.4)60T0 7

HORIZONTAL ANGLES FOR RIGHT SIDE WALL

WAZZ=WAZ+50, .
DS=,5%D - \
DSY=DS+Y

HPS=H34 ( (HH-H3) X, 5)

PDS=0.0

HTR=ATAN((uz+ui};a§¥)\
AR=ATAN(W1/DSY )
HRL=HTR-AR .
BRL=AR+ (. 5KHRL) ‘
UW1=(WAZ+ (AR)XDEG))

UW2=WAZ+ {HTRXDEG) -
60T0 25

HORIZONTAL ANGLES FOR LEFT SIDE WALL
DS=.5%D .

DSY=DS+Y
HPS=H3+( . SX(HH=-HI))

. PDS=4 '

1F(WAZ.LE.50.)G0OTO 18
WAZZ3WAZ-%0. ~

6070 19
WAZZ=(360,+WAZ)~90, °
HTL=ATANC(W2+W1)/DSY)
AL=ATAN(W3/DSY)
HRL=HTL-AL

BRL=AL+( . SXHRL) -
IF(WAZ,LE,90,)60T0 17 -
YW1=WAZ-(HTLXDEG)
UM2=WAZ-(ALIDEG)

.B0TD 25 <

UN1=WAZ+360.-(HTLXDEG)

UN2=NAZ+360.~- (ALXDEB)

GOTO 25 '

WAZZaWAZ n, ¢

HORIZONTAL ANGLES FOR BACK UALL"

IF (ISURFAC.EQ.4) GOTO 42

>

»
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SUBROUTINE WALL-

60
e
. \ c
c
5 42
. 43
70
75, ) *
3 / ’ 80
G- 80
¢ 5
) 8% - ' .
. 81
) 24
90 170
. 95
C.
C
c
25
100
. c
3 . c
c
105
110

-389- 1

74/835 ' OPT=1 ‘ o FTN 4,84532
DEY=DS+Y - : "
HPS=HZ+( . SX(HH-HI)) ~ .
PDS=,5%W .
6070 43 ‘ : — = °
HORIZONTAL ANGLES FOR CEILING .
DS=,35%D .
DSY=DS+Y .
HPS=HH :
PDS'OS*U . LY
WW=W2 443 .
IF (PRS,GT. W3, AND,PDS.LT.WW) GOTO BO .
IF(PDS.GE.WW) GOTO 70
HTB=ATAN( (WW-PDS)/DSY) ' ‘ .
AB=ATAN( (W3I-PDS)/PSY) v
HRL=HTB-AB \ ‘ .

BRL=AR+( . SRHRL )"
UW1=WAZ+( (AR)XDEG) . )
UW2=WAZ+ (HTBIDEG) . A ] ,
60TO 25 :

HTB=ATAN( (WW-PDS) /DSY) :

ABSATAN( (PDS-N33/DSY) . , ,
HRL=HTB+AB .

WUM=W3H(,5RW2) : <

IF(PDS.GE.WW¥) GOTO 81

BRL=ATAN ( (WWW-PDS) /DSY) , .
S0TOD 24 . .
BRL=ATAN ( (PDS-WWW)/DSY) .

UN1=WAZ~{ (AB)$DEG)

UN2=WAZ+ (HTBRDEG) i

6070 25 S
HTB=ATAN( (PDS-W1)/DSY) ’

AB=ATAN( (PDS- (u1+u~))/usv) '

HRL=HTR-AR ’

BRL=AB+( . SXHRL)

UW1=WAZ- (HTBXDEG) -

UW2=WAZ-{ ABXDEG) , .

CALCULATION OF VERTICAL ANGLES AND VIEW FACTORS (VN1 AND VW2)
NTOPL=K3+H2 . )

IF (HPS.LT .WTOPL) G8TO 20 .

FOR REF, POINT O INTERNAL SURFACES HIGHER THAN THE

WINDOW HEAD(HPS I§ GREATER THAN WTOPL),

H31=H3-(HH-HPS) ' .

‘WOB=ATAN{H31/(DSACOS(BRL)))

DNOB=ATANCHPS/( (DSY+DIS)%COS(BRL})) . -
OR=DNOE-WOB ) -
ﬁnuoarz-nran<(n31+n2>/(03tc05(aau>)) . .
GRO=DNHORIZ-DNOB ) ' -
X1=ATAN(TAN(HRL) XCOS(WOB))

X2=ATANCTAN(HRL ) XCDS(DNOB))

X3=ATAN(TAN (HRL) XCOS(DNHOR1Z)) ’
5KYF=0,0 ‘
OBF=(X1-(X2%C0S(0B)))/(2,XPL) -
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SUBROUTINE WALL
{15 /
. 20
120 . C
- ¢
125 k
130 ’
f .40
o
: y c
135 c
4
¢
140
145 .
F
150 .
‘ -39
. 44,
155 . .
P 50
160 - .
185 7,
, F
170, | N

b

T 74/83%  0OPT=1

-
s

GROF=(X2~(X3%COS(G
“VH1=0.0
Vu2=0.0
GOTO60
IF(OH,NE.0.0) 60TO

- «390-

R0) )/ (FIX2~)

40

2

»

<IN THE CASE 0§>OBSTRUCTIDN AND Hqulg LESS*THAN UTQgL ~

SKY-ATAN((UTOPL HES)/ (DSYXCOS(BRL)))
GRO=ATAN( (HFS~- H3)}bDSY¥COS(FRL))) .

X1=ATAN(TAN(RRL)XC

" X2=ATAN(TAN (HRL)#C

SNYF = (HRL- (X1XCOS(

0BF=0,0

GROF = (HRL= (X24C0S(
" UM1=0,0

VW2=SKYXDEG -

60T0 60 . .« ™

IFCOH,.LT.HPE) GOTO

DS (SKY
0S(GRO )
SKY)» /(2

+¥P1)
GROI )/ (2.%P])
A

50

“

e
.

IN THE CASEODF O0BSTRUCTION AND OBST§U6TION HEIGHT .18

EIGHT OF REF.

"POINTIHPS.GT.WTOPL °

GREATER THAN TO§§
UPHORIZ=ATAN((WTOPL-HFS)/(DSYXCOS(BRL)))
UFOB=ATAN( (OH- HPS)/((DSY+UIS)*CDS(BRL)))

SKY=(UPHORIZ-UPOB)

*DNHORIZ=ATAN({HPS-H3)/{DSYXCOS(BRL)))
DNOB=ATAN(HPS/((DSY+DIS)*COS(BRL)))

GRO=DNHORIZ~-DNOB.
O0B=UPOB+DNOB ‘

S

X1= ATAN(TAN(HRL)XCOS(UPHDRIZ))

X2=ATAN(TANCHRL) XCOS (UPGB))
X3=ATAN(TANCHRL)*COS (DNOR))
X4=ATAN(TAN(HRL)*COS (DNHORIZ))

IF(UPHORIZ.LE.UPQB

)60T0 3¢

SKYF=1X2- (X1%COS(SKY)I)/(2.%F D)

GOTO 44
SKYF=0.0 .t

UPOBF=(HRL~ (X"tCUS(UPOB)))/(Q.XPI) L
DNQBF=(HRL~ (X31CQS(DNO§)))/(2 P

QBF=UFQBF+DNORF
GROF «(
VW1=UPOBXDEG
VW2=UFHORIZXDEG
GOTO 60

S§KY= ATAN((UTOPL-HPS)/(DSY!COS(BRL)))

e

3~ (X4kCOS(BROY))I/(2.%R1)

/

-

-

DNHORIZ=ATAN( (HPS-H3)/(DSYXCUS(BRL)))

DNOB=ATAN(HPS/({DSY+DRIS)XCOB(RRLY))

GRO1=ATAN((HPS-0R)/((DSY+DIS)*COS{BRL) )}

GRO2=DNHORIZ~DNOB
OR=DNOB-GRO1_
GRO=GRO14GROZ

X1=ATAN(TAN(HRL)RCOS(SKY))
X2=ATAN(TANCHRL)%¥COS(GRO1))
X3=ATAN(TANCHRL)KCOS ( DNOB))

XA4=ATAN(TANCHRL) *COS ( DNHORIZ))

SKYF=(HRL-(X1XCOS(SKY)))/(2.,8P1) .

OBF=(X2-(X3%C0S(0B

- N

o

1) /74(2.4P1)

“ e
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N .
GROF £= (HRL~ (¢ X2XCOS(GRO1))) /(2. %PT) .
BROF2={X3-(X4XCOS(BRD2)))/ (PI2,) i .
GROF =GROF 1+GROF 2 |
UN1=0,0 i .
VN2=SKYRDEG™ ’
0 IF(SKYF.,LE.0,0) 6070 84

CALCULATION OF THE SKY ILLUMINATION ON THE INTERNAL SURFACES
OF CONCERN(EEHP) AFTER UHI:UUZ:UUI;AND VN2 HAVE BEEN
) DETERHINED.
N\ ,

1wt duag

* IF(IVW1,E0,0)60T0 9
11=1vu1 -
6610 8
11=1 :

JuN1=Uut .
JuN2=UN2 T
EEHP=0,0 :
KJ=(JUW2-JUN1) -

DO 82 IaIl,IvM2" J .
“Th=(1/10)+1
¢« DO 82 J=tyKJ

JJJ=JUN1+d . ,

IF(JJJ,LT.360)60TD 21 SN

IF(JJJ.GE, 340, AND JUJ.LT.790)60TO 23

IF(JJJ.ER.720) GOTO 26

JX=0 (- 720)/10)41 . . .

0TO 22

JX=((JJJ 360)/100+1 .

60T0 2 N ’ .

Jx= (JJJ 3600710 o ‘ .
© §0T022

JX=2(JJI710041 ‘ .

EEHP*EEHP+(EHE CINs JX) 8XSINCCINE10.-5, )R CP1/1804)1)/100.3 .

CONTINUE . v ,

SKYsEEHPXILZ. | . N

GOTo" 85 :

SKY=0,0 A ,

RETURN ° )

£ND . , . . .

R s )
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SUBROUTINE RATID 74/835 OPT=1 . FTN 4,8+352

1 SUBROUTINE RATIO(RAEsRARsRALyRACRABW) , S
DIMENSION H(11)sV(8)sR(12}

COMMON EHE(9»34) s DELTAS(Y) -

COHHON Wisl2 :UB:D:DSS;DIS:PDS:HP;HivH21H3quHHrUyOH:ZLZ

THIS SUBRDUTINE CALCULATES THE VIEW FACTORS sAT THE ROOH
REFERENCE. POINT +FOR ALL SURFACES. ’

H(I)=THE HORIZONTAL ANGLE SUBRTENDED TOWARDS SURFACE%M
V(I)=THE VERTICAL ANGLE SURTENDED TOWARDS SURFACE I. -
R(I)=THE VIEW FACTOR OF SURFACE I.
EHE¢I»J)=ILLUMINATION FROM SKY ELEMENT IyJ.
DELTAS(I)=AREA OF SKY ELEMENT IN THE I.TH. RING.

10.

nn.%nnnnonn

15 . ' - PI=3, 1415927 .
) PIZ-PI!2 0 : . .

c- CALCULRTION UF VERTICAL ANGLES V(1)

T20 ' I5=DSS

% . IF(OH.EQ.0.0)GATO 30
‘ . V(1)=ATAN((OH- HB)/(DS+Y+BI§)) ’
, 6070 31 . NS o
30 V(1)=0.0 ' '
2% | - 1! "EXSKY= ATAN(HZA(DS+Y))
: ¥ (2)=EXSKY-V(1) - ' ) . \
= V(4)=ATAN((HH-H3) /(DS )) o '
0 V5=V (4) ' ¢
. - V(3)=V(4)-EXSKY * '
30 - V{6)=ATAN( (HH= H31/(D- BS)%
. ) V(7)=ATAN( (HH~H3) /PDS) .
. VB)=ATAN((HH=-H3) /{(N-FDS)) ' ‘

Lc ‘CALCULRTION 0F THE HORIZONTAL ANGLES

- H(1)=2,08ATAN((5K42)/(DS$Y))

H(2)=H(1) g

S TE LT TS B ‘

N - RLEFT=ATAN((W1+(.5¥42))/DS)

40 " RIGHT=ATAN((W3+(,5%82))/DS) .
T H66)=ATANT(W-PDS)/(D-DS)) .
, H(9)=ATANSPDS/ (D=-DS)) . .

. " ¢ H{4)=RLEFT-(.SXH(1))

. e “ K(S)=RIGHT-(.5XH(1)) . -

.

<435 . H(7)=ATAN(DS/PDS)

? H(10)=ATAN{({D-DS)/PDS)
. ! H(8)=ATAN(DS/ (W=PDS)) !
© + HU11)=ATAN((D-DS)/(W-PDS))

' c .
-1 - C CALCULATION OF THE VIEW FACTORS R(I)
. ¢ .

) R§1)=(H(1) (ﬁTﬁN(TﬁN(H(l))tCOS(V(i)))tCUS(V(l))))/P12
HMOD1=ATAN(TANC(H (1)) XCOS(V(1)))
HMOD2=ATAN(TANCH(1))XxCOSCEXSKY))

53 s © . HMODI=ATAN(TAN(H(1))xCOS(V{4)))

T © R(3I)=((HNOD2-(HMOD3XCOS(V(3))}))/PI2)

. FRDNT=(H(1)-((HHUD3)¥€OS(U(4))))/PIZ
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R(2)=FRONT-(R(3)+R(1))
R{4)=(H(4)- (ATAN(TAN(H(4))!CDS(UH)))ICDS(UH))))/PI" : T -

R{S)=(H(5)~ (ATAN(TANCH(S))XCOSCV(S)))XCOS(V(5))) ) /P12 ‘ N

R{&)=(H(6)- -(ATAN(TAN(H( 6 )¥COS(V(4)1)XCASIV(4))) ¥/PI12
R(10)=CH{9)-(ATANCTAN(H(9))XCOS(V(4)))IXCAS(V(4))))/PI2
R(7)=(H(7)-(ATAN(TAN(H(7))¥COS(V(7)))XCAS(V(7))))/PI2
R{11)=C(H(10)=(ATAN(TANCH(10))XCOS(V(7)) )XCOS(V(7))))/PI2 A

" R(B)=(H(B)~(ATAN(TANCH(8))XCOS(V(8)))XCOS(V(B))))/PI2 .
RUL2)=(H(LD) =(ATAN(TANCH(11))XCOS(V(8) ) IXCOS(V(BI)I/PER | ., 3
. TOFH=( ,SXF1)=V(7) [

TOPHH=( ,5¥PI)-V(B) : P '
TOPV1=ATAN({D-DS)/(HH-H3)) o 7 :
TBFV2=ATANC(DS) / (HH-H3)) - ¢

TOP1=(TOPH- (ATAN(TAN(TOPH)!COS(TOPvI))tCOS(TOPUl)))/PI2

TOP2= (TOPH-(ATAN(TAN(TOPH)RCOS( TOPV2) )XCOS(TORV2)))/PI2 " -
TOP3=( TOPHH-(ATAN(TAN( TOPHH)XCOS{TOPV1) )XCOS(TOPV1))) /P12
TOP4=(TOFPHH-(ATAN(TAN(TOPHNIRCOS (TOPV2) Y XCOS(TOPV2))) /P12
R(9)=TOP14TOP2+TOP3+TOP4
SUH=R(1)+R(2)+R(3)+R(4)+R(5)+R(6)+R(7)+R(8)+R(9)

$RO10D R FRTLD) . . .

RAB=R(1) ~ ) Y

IF(PDS.EQ,0.0) GOTO 2 : ’
‘RAR=R(7)+4R(11) . 4

goTo 3 oL : 1
RAR=0.0 . | L .
IF(PDS.EQ,W)GOTD 4 . L Com
RALaR(8)4R(10) - : - e

6070 S . ‘ L e S
RAL=0.0 ~ A R A
IF(DSS.E0.D)GOTO & T R - .
RABN=R(B)4R(12) N : -

RABW=0,0 ' oo

RAC=R(T) . - . ST L

RETURN L , o . o -

PR : .' N : . -
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SUBROUTINE COEF

e .
OO0

NS=N4345 ' ] S
G070 20 _ : -
18 NS=N : Lo oLt
20 D0 10 J=1,12 ’
‘ IR (DAY (JJ.LE.NS, AND.DAY(Jm GT.NS) Gom 15 .
GOT0 10 Y
15 % AM=AHASS(J)- (((AHASS(J)-—AHASS(J+1))/(DAY(JH) -DAY(J)))%
@ "(NS-DIAY (J)))
. ASC=AS(J)- (((AS(J)-AS(J+1))/(DAY(JH)-IIAY(J))H O
L@ (NS=DAY (D)) . L _ -
LCONTINUE " o0 . .
RETURN . . , : o,
END . - L - o L :
- . i K
) ' . n, % p ‘,
i ) r ) W < L] "
i - . - . . ' ¢
/ N - :,: . s .
LN ;

4 ,
-394- . -
74,835 OPT={ . , FTN 4.64552 °
R L o~ D , '
smourms COEF (N1ANIABCY - ) ° '\L
DIKENSION DAYCL3),ANASE C13),A5¢13) o .

THIS SUBROUTINE INTERPOLATES THE VALUES OF AM AND ASC

FOR ANY GIVEN DAY N FROM THE VALUES OF THE 2! ST. OF EACH™ ¥
MONTH,

DAY(I)=21 5T OF EACH NONTH

AMSS{I)=AIR DENSITY ON THE 21 ST OF THE HONTH I ‘ ‘
AS(I)=INTENSITY OF NORMAL SOLAR RADIATION o

¢ t

. Q
DATACDAY (I)sI=1,13)/214 952,980, » 111011414 +172:5202,1233. »
Q 264.1294.,325,+355,1386./ '
DATACAMASS(1)»1=1,13)/,142,,144+ ;15611187 ,1%41 . 205
Q 1020700 2011,177 5 11611499 41429, 142/ .
. DATA(AS{(I)I= *17131/1230. 51215,/ 1186.11136.11103, , 1088,
r 1095..1107.,1151-,,,119:..11211.1233.,1230 /
© IF(N.GE.DAY(1))BOTO 18 RN

N o
)
t
o
A
.
.
N
P >
v/’ .
.
r O .
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BN
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~ ’ SUBROUTINE WINDOW 74/835 0OPT=1
4 . - . B
. - M /
1
- . WAREA=WAXHI
C H2=8QRT (WAREA)
as . T N2uH2 ,
’ ] ' . Hi=(HH-H2)/2. ,
L H3=H1 ’
' . Wi=(u-w2)/2. '
. . URELH '
i _ . - RETURN E
<! . 10 . END Lt
N . , P
. X‘ . . 7
A ~ . i - v ’\'
. P . - ‘
& . N e . 3
- . v
s »
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~ . * R “ s
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mrna‘mn: DISTRINUTION AFTER  SHOURS

D

* ' ’ LAYER NUMBER 1 .
2363 v
- -, 08308 - 07418 . - Q739 - Q7337
- - 73%% = 97413 - 06347 -: 863 - 8451.’:;
. /AR iR taEER Semn . L ndslE . .
. * LAYER NUMBER 2
- T 19929 21903 _ 21929 21929
‘ 1233 7933 (89074 | 89092 : 2
N 2190 - 190168 . 90186 - 90186
.;: . 890 {90184 I 502084 . _ .90204 . . . -
21929 - 9092 19014 . 90204 90204
. ’ HEAT LOSS DY CONVEC. AT BOUNDARY SURFACES . 97914 0. DCO00
. \ . HEAT LOSSE RY CONVECTION AT EXT. SURFACE= 200, 59100
HEAT LOSS BY CONVECTION AT INT. SURFACE= 208. 10219,
v HEAT STORED WITHIN THE PANEL = 6. 31971 .
teme. DIFF OuTe 9. &R7(TEMP. DIFF. IN = 19.83201
HOURLY RATE OUTSIDE: =01.57014k ‘ )
’ A 1D§: 20{.38748 -
L R pene 20y 748 - .

b ‘ TOTAL HEAT QAINe (72, 00000 ' N

(Single Glazing) L

- »
- k]
] * , ’ Y
- - ! IEMEER AT SR P IS it~ e af ToR AR NS
LACER rvBER | R
’ \ - B 10 14297  -10 203% -17 $0e°0  -10 20688  -19 WsB7
. «1Q L3I0 -9 42999 - 31027 AN -§ A0Tle
. -13 25870 -9 41367 -3 3833 -3 38147 -5 39183
N . fadnl & k-1 %1 hd -0 0T
N ~10. 7667 -9, 40916 -0 32163 -q 38167 -
. ) . [ CAYER MUSER 2. .
‘ © =g[7%230 -9 72504 -§ 2110 °  -9.8010Q7 -9 83108
. _=9lftyes -8, 960%7 -8 93773 -8 92199 -9 93199
\ . O o3 =g LI =g 8002 =8 _9°2
' L. -5 3107 -8. 73178 - <4349 -8 014 g FO14d
-9 BIICH -8 9319% -8B S0:4% ~0.90142 -8 FO:39
, "" DT TTTTT T TlAvER ekl T2 TToTT T
. N -3. 81439 -l 817 -1 810%9. -1 81037 -1 81229
oY o] 2531 550l | 23%2
"-':ui.'msx'on’“_““'““?w PRI 36339 0370 o
~{. 83039 L2333 3ra70 36732 3074g
-1.91039 2337 3657 35719 35784
' . LAYER tmeeR 2
! - R -7 Y 2 S%1R3 S SA0D 2 54440 .Y VY-V
7 %113 9 3407 9 Ad66] 9. 44833 ¥ A4%p2
. 7. 34608 9 243543 . T 31210 9 $143% 9 21347
7 3440 9 aA5%3 © 31439 9 31408 v 31474
’ . 7. %642, 9. 44842 9. 31447 9.31476 9. S1e84 _.
, LCA‘ER MUMZER 3
7 1928 5 1GCas A 113a7 8. 11455 T 114n5
8 ionge 3 €8314 7 S4ins 3 Lg7 3 3 483
8. 11427 ? 63344 19 6011 10 01136 10 01143
. (@ 11463 . 2. 94s74 . i0 Ollle 10. 01341 10. 01247
8 lded 9 94031 10 51143 10, 0136¥ 19 61377
MEAT LOSS RY COVEC AT ZOUNDARY SUGFACES @ 99029 Ineo
“TREAT LE%—S\ CCrBCTION 'AETLE_U T SURFACLS 0N ITte
Wt HEAT LOSS Bt COISVESTION AT [H] SURFALEs 110 34112 ?
. - TOHEAT STORED GITININ ME Pafiel « 0 T TTC® T aeee8 T '
g . : " TEW DIFF QU= 4 @ITT-1EMF CIFF I = 10, 33438
) T RATE UISINE 111 %
YN ALY RATE INGILE 110 31a3°
. 138l HEAT AISCREDY | 0 Coidy -
l 10T HMEAT GA[I ) OnSa s
(Double Glazing) : S

A’sample from FDIMPI
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LAYER NUMBER 1
- =-10. ~10 =10. 49431 -10 49440 -1o 49441
- H - . 13 - . - 7 ,q '
~10. 493 -18 g213b -10. 331 -10 47990 -10 48 -lO 46517
-10. 49431 -10. 32742 =10 47990 ~-10. 91792 -10. 72699 52608 =
~10. 49440 ~10. 32796 ~10. 48301 -10. 92409 0. 00000 . 00000
~10. 49441 -10. 33799 ~10. 488317 -10. 92408 Q. 00000 . Q0000 .
LAYER_NUMBER 2 t
«~7. 443463 -6. 27704 -4 23380 ~4. 23738 -&. 23319 -6 23Q24 ’
~6. 27704 ~92. 74764 ~3. 73914 ~3. 28020 -8, 78371 -% 78419
-b. 295380 . =3, 73914 -3. 80942 -4, 72461 -6, 73EC? -b. 73936
23738 -%. 78020 -b. 728613 -10. 93886 —=10, §2771 "~ £10. 827%% -
-6 25339 -3 733‘?1 =4. 79 -10. 98 771 Q. Q0900 - . 000Q0
. -&. 238434 -9 78419 -$6. 73936 ~10. 7% Q. 00020 . 0. 00000
LAYER NUMBER 2 ’ .
- 788 . :l“3é 3773 . 3703 34936 . 369
33451 . "5 . g . gdgéé 84089 -~ . 36032
37743 . 923238 . 789467 - 6133 47590 - &
37031 . 84768 - 41638 =10, 39913 -10Q. 23749 «10. 25708
6936 84069 - &§7608 =10. 29747 Q0C .
LAYER NUMBER 4 . .
9. 72216 0 29329 10. 28317 10. 275643 10. 27303 10. 27490
0. 2%329 0. 36433 10. 37110 1Q. 47733 10. 46821 10 446816
0. M7 0. 37110 . 10. 39873 8. 603839 8. 33357 8. 83
- . . . . & Y. WA
. 0. 27303 0. 46871 8. 83837 -9, Soigb Q. 00C20 0
Q. 274%0 0. 46816 8. 83381 -9.3%0176 0. 00030 8 000
' .f- - .
LAYER NUMBER 9 i
' 8. 35003 8. 43832 18. 44332 19. 44143 18, 44137 19. 44139 '
- 3 S T4 k4 - T Y Y D ZEL
. 4432 8. 47381 18, 4632 18, 12620 18, 11389 18. 13354
' . 44143 8. 47490 18. o &6.'134849 &, 9177 &. 3930 .
. 44137 8. 47337 Y 6. 39177 0. O 0. ~
9. 44129 8. 47327 ll. 11 ! Q. 00000 0. 00000
MEAT LOSE BY CONVECTION AT EXT. SUREACE= 37. 78134 '
. HEAT LOSS BY CONVECTION AT INT. SURFACE- o4, 68330

~

FEAT STORED. WITHIN THE PANEL = s.76840
TEMP. DIFF OUTs . 63167TEMP. DIFF.IN =  2.12208
COMVECTION AT INTERFACE: 11 93793 7. 10648
MOURLY JATE OF H.L. TO OUTSIDE: 384373 )
TOTATL RATE OF H. INPUT. 38 91709 ]
‘ (Wall panel with 25 % glazing)

A Sample from FDIMP2
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LATITULE A&NGLE | =45.0

LAY OF THE YEAR = 21 .

ANGLE OF DECLINATION = .  -20,13801388%&"

SUN ALTITUDE ANGLE = 24.73354 QEGREES o -
SUN AZIMUTH ANGLE =  0.00000 DEGREES ' e
ILLUMINATEON ON HORIZONTAL FLANE=10%541.,33 A -

k****#****K*********ﬁ**#**##********#**X*#**'\
WINIOW AZIMUTH ANGLE! 180.00.° S
********#************#****#****#X*****ﬁﬁfﬁf* '

N

Y

DIRECT BEAM ILLUMINATION
BUILDING SURFACE: . 0.000
OBSTRUCTION SURFACE: 79482.744
GROUND - ¢ 346830.383

i
\

SKY DIFFUSE ILLUMINATION
BUILDING SURFACE: "4304.5659 . - .
OBSTRUCTION SURFACE!  92793.700 ° - _ ' A -
GRQUND v 4378.299 . . )

LUMINANCE OF EXTERNAL SURFACES .
OBSTRUCTION SURFACE: 278246.098

GROUND t 8826.157 . L

~

4

LUMINANCE OF INTERNAL.SURFAGES
CEILING - 304,035

R..SIDE WALL® : 306.54%" -
L. SIDE WALL -1 306.549 T
.BACK WALL H 113,476

@

7
-

ILLUMINATIOM AT THE REFERENCE EOINTCLUX] -
ODIRECT SKY  ILLUMINATION 75.030LUX S
REFLECTED ILLUMINATION ~ 398.6848LUX '
TOTAL ILLUMINATION 452.462LUX co ’
VARIABLE SKY FACTOR «710% o - - -

VARIAEBLE DAYLIGHT FACTOR 4.379% ( )
- WINDOW AZIMUTH ANGLE! 360.00 ‘-

f*#***{?*****X*************X***********K****

s -

-

'(A~sqmp1g of the'hour1f'ca1cu1ation Qutpdt of'the DFV program)_}

[
i
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INFERIEURE |

The 1um1naﬁée distribution of a clear cloudless sky was

.ca1cu1ated.for sun- altitude angles of 20%, 30°, ... 90°.

'y ‘ L]

The results are presented here. Luminance of a sky

N

Luminance is expressed as a ratio of the zenith luminance.

element is displayed as a function of the element q]titude

angfé, element azimuth angle, and fhe sun altitude angle. -
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-408- o oo

=20.0 DEGREES . . "

SUN ALTITUDE ANGLE

. N a

SKY ELEHENT RHTﬁTUDE ANGLE 3
N i

l!!l!lt!!l!t!!!l!*l!!!!th!ll!!!!!!!!l!xxtl!lt'!*X!!!l‘it*lt!ll{f*lli!lt*x!!lXlxlxt!tl!li!!!lt

. AZIMUTH S 15 o~} 35 43 65 ?S 8% _

ll**ll!t!!tkltl*#*!!!**!*!l*!!l’**X!X#!t*l!!i!!*l*!!*!!!l!!**X!!X!t!*!!t!!!!l!!!!t!!!!!lt!!!!t

4

LXERSETIRRTALTXXBANXBEEXKEANSI R AX AR SRR BRI RKAIXRE X ATAXRRRRXKERAEKEXXRR XXX LR T XXX XXX RAXENER
SUN ALTITUDE ANGLE =30.0 DEGREES

B

A

N

\

SKY ELEMENT ALTITUDE ANGLE

ltl!l!ll!!tl!t!tx!*!!!li‘!!!ll!!8‘*!tl!l*i!!Xlxitti!t!!t!lt*t!l#tl*ltt!!tt!t!t*tl!l‘!!’l!t*ttt

3

10 16,4635  17.4848 13,2940 ?.3514 2873 2.7048 1.8504 1.366% 1.0888
20 13.5656 2.4471 ?.4794 6.1715 3.90%1 2.5728 1.8023 1.3508 ¢« 1.0858
30 10.2131 8.6754 6.6752 4.8017 3.33¢8 2.3474 1.7155 1,321 1.0799 .
40 7.6575 6.240% 4.8381 3.6934 2.7738 2.0845°  1.6046 .2806 1,0715
50 5.8813 4.6730 3.6408 2,8862 2.2953 1.8331 1,4845 2331 1.0611 k
60 4.6788 3.652 2.8524 2.3187 1,9199 1.6098 1.,3670 1.1822 1.0490
70 3.8757 2.9831 2.3286 1,9196 1.4358 1.4248 1.2597 1.1314 1,0359
80 3.3544 2.5480 1.9818 1.4458 .4 + 4250 2778 11645 1.0830 - 1.0223
70 3.0405 +2.2783 1.7593 1.4619 2809 1.1651 1.0889 1.0390 1.0087
100 2.8856 2,1314 6281 1.3453 1 11798 1.0819 1.026% 1.0002 9955
110 2,8548 2.0783 1.56%9 1.2800 1,1158 1.0234 .9782 ° 19672 .9832
120 '2.9184 2.0959 1.5357 1.253¢6  1.080% 9849 19421 9398 9719
130 3.0486 $183% 1,582% 2554 1.0645 «9620 F154 9179 9620
140 3.2142 ~.¢607 1.4323 22754 1.0672 93505 8989 7008 (9536
150 3.3931 2.3678 1.6917 1.3044 1.0764 9467 .8877 .5881 <9448 ,
180 3.5528 2.4646 1.7484 1.3348 1.0887  .9471 .8811 ,  .8792 <9416 ¢
1707 3.4730 2.5419 1,2925 1.,3590 1.0996 9490 8775 . .8736 . .9381 :
180 3.7374 2.5824 1.8185 1.3723 1.10%9 9503 8760 .8708 (9364
' 190 3.7374 2.5824 1,8145 1,3723 1,1089 « 9508 <8760 +8708 9344
200 3.4730 2.5419 1.7925. . 11.3590 1,099 <9490 8775 .8736 .9381
210 3.5228 2.4866 1.7484 1.3348 1.0887- « 471" .8811 8792 416, o
az 3.3931  2,3478 1.4917 -1a3046 140764 (9487 8877 8881 9468 i
230 3.2162 ‘.‘607 1.6323 1,275 10672 9508 8989 7008 <9336 1
240 3.048¢ 2.163% 1,582% 1..554 1,0645 9620 P164 9179 19620 ]
250 2.9186 2.0?57 1.5557 1.3538 1.0805 ' 9849 <9421 9398 9719 i
260 2.8548 2,0783 1.5659 2800 1.1158 1.0234 . 9782 9672 9832
270 2.8854 2.1314 1.4201 1.3453 1.1798 1.0819 1.0268 1.0002 L9955 .
280 3.0405 2.2783 7593 1.4619 12809 1.145¢ 1,088¢9 1,03%0 1.0087
290 J.3744  _2.5480 1.9818 1.6458 _ 1.4290 1.2778 1.1665 1,0830_ . _1.0223
300 3.8757 2.9831 2.3284 1.9194 1,46348~  1.4248 1.2597 1.4314 10359
310 4.4788 3.4526 2.8%24 2.3167. 11,9199 _-- 1.6098 1.38670 1.1822 1.0490
320 5.8613 4.6730 3.6408 2.8862 2.2953 1.8331 1.4845 1,233 1.0611
130 7.4575 6.2405  4.8381 3.6936 2.7738 2.0885 1.6048 1.2804 1.,0715
340 10.2131 8.6754 6.6752 - 4.8017 3.3388 2.3474 1.7155 1.3214 1.0799
150 13.5856 12,4471 7.4794 8.1715 3.9083  2,5728 1.8023 1.3308 1.0858
350 16.4635 17.4868 13.2980 7.3514 . 4.2873 2.7048 1.8508°  1.3445 1,0883

AZIMUTH | 5 -3 35 435 SS (-] 7% as
’:““:’:"‘ttxt**,t*'*!‘t‘*‘*‘***‘tt‘t.“t‘*‘x*’*‘!!!‘x,:‘x‘xl’X!‘,!“““‘x.’xl!.x.t“li‘*xt
10 9-‘903 10,1974 11.1999 9.0757 ° S.2702 3.2011 2.0905 1,477 1.1144
20, 3089 8.4539 8,11%0 46,7036 4,5634 2.9813 2.0187 1.4498 1.1124 H
30 7.0235 6.4879 =5.7888 4.8570 3.4787 ' 2.4348 1.8922 1.4087 1.,1044
40 S.6480 4.9368 4,.2364 3.5973 2.9141 ‘-~631 1.735% 1.3533 1.0934 §
50 4,%391 3.8282 3.,2089 2.7477 o2.,3286 1.92 1.5729 1.2890 1.0794
60 3.75953 3.0604 2.5227 2.,1708 1.8934 145446 1.4177 1.2212 1.0633
79 ;.1856 2.9337 2.0401 1.7753 1.578% 1.4201 1.2800 1.1540 1.043%8
80 2,7990 2.1786 1.74727 1.5027 - 1,351L 1.24%4 1.1424 1.0907 1.0277
90 2.353% 1.9484% 1.5403 1.3161 1.1882 1.1123~ 1.04851 1.0332 1.0096
100 2.4273 1.8131 +1.,4094 1.1917. 1.0734 1.0124 1 .9845 . 9825 9920
110 2.3897 1.7502 1.3358 1.1134 9921 « 9390 . 09242 19390 755 !
120 + 2.4222 1.7424 1.305% 1.069% +92443 8884 .8740 7024 +P40% H
+130 2.5044 1.7740 1.3054 1,0510 9142 <8503 8394 8728 9472
130 2.6157 1.8300 3257 1.0494 . 8988 8249 <8129 8491 29389
150 2.7354 1.89359 1.35462 1.0%80 8931 «8123 27939 8311 L9267
160 2.8446 1.9%584 1.3879 1.0704 «B929 .8039: +7812 8181 9198
170 249273 2,0071 1.4135 1.,0817 18947 7996 «7734 .8097 9131
180 2,9717 2.033% 1.4277 1.0882° -~ ,8943 <7978 27497 » 8055 9127
170 2.9717 22,0335 1.4277 1.0882 8963 «7978 7697 .805% 9127
200 2.92723 22,0071 1.4135 1.0817 8947 7994 +7734 8097 «?215)
210 ‘203446 1.9%84 , 11,3879 “1.0704 +8929 .803¢9 «7812 .B181 <9198
22 2.73%4 1.8959 . 1.3%482 1.0380 89341 8123 27937 8311 9247
230 26157 1.8300 1,32%7 1.0494 .8988 "~ ,8249 8129 8491 «9359
440 2.5044 l-77‘°-§h 1.3054 1.0%10 7142 8503 +83%96 8728 <7472
290 2.4222 1.7424 1.3083 1.0696 17443 .8866 <8740 9026 9608
260 2.3897 1.73502 1.33%8 - 11434 P93¢ +93%0 « 9242 «73%0 SP783
270 - 2.4273 .1.8131 1,40%4 1.171i7 1.0734 1.0124 7863 L 7828 <9920 N
KEBO 2.5559 1.94846 . 1.5%403 1.3161 1.1682 1.1123 1.06%1 1.0332 1.0096
290 2.7590 2.1786 1.7477 1.5037 1.351: <2854 114624 1.0907 1.0277
R{+1] 3.18%4 2.5337 2.060% 1,7753 1.5783 1.4201 1.2800 1.,1540 1.0a488"
310 3.7%% 3.0604 2.5227 2.1708 . 1.8934 1-64‘6 1.4177 1.2212 1.0433
320’ 4.5%91 3.8287 2089 2.7477 2.3286 1.92% 1.522% ' 1.28%0 Y 1.0794
330 5.46480 4.93468 402?64 3.5973 2.9141 ---631 1.7389 . 3533 1.0934
340 7.023% 4.4879 5.7884 4,8570 3,678?7 2.46348 1.8922 1.4087 1.1044
3%0 8.508% 8.4539 8.11%50 70346 14,5634 2.9813 «.0187 1.4498 1.1124
140 9.3808 __10.1974 11.1999 ?.02%57 %.2702 3.2011 %  2.090% 1.4217 1.1144
-"‘!’!tl"!."’.""'"“‘.""".",l?l‘""""‘.I.l.!."’.,.".!.l.l“"l"ll‘!.""""".
N . . ]
oo . oy B




< ‘—409’
e SUN ALTITUDE ANGLE =40.0 DEGREES -
i . N ,
SKY ELEMENT ALTITUDE ANGLE .
. xtx:xtxgtt:x:xx:xlx::xttxxtx!::x:x;xxxyx:txxlxxxxxxzxxxx:xxxxxxz:zxxxtxxxxxxxxxxxx::xglxx!xxxx
. - AZIMUTH 5 15 25 35 45 L] 45 7% 8%
’ xxnxx:x::x:xzxxxx:xrxxxxtxxlx:xxxxxxxxx:x:xxxxxtxxxxx:xxixxxxxxtxxxtz:xxxx:xt:xz:lxxxxxxxxxxtl
i 10 5.4310 5.5716 6.1100 s 7.2831 5.2469 3.7529 2.3542 1.5824 1.1440
‘20 5.0598 5.0253 5.2049 5.5004 4.8376 3.3702 22,2455 1.5524 1.1389
30, 4.4709 4.2377 4.1164 4.05%1 3.6462 2,8430 2,C416 1.4948 1.1289
N e 40 3.8394 °  3.4744 3.2092 3.0498 2.7842 2.3449 1.8462 1.4231 1.1147
r 50 .2730 2.845% 2.5318° 2.3539 2.1781 1.9330 1.5329 1.3393 1.0970
. 60, 2.8124 2.3438 2.0442 1.8722 1.74770 1.6103 1.4400 1.2%528 1.0747
| .t 70 2.4611 2.0091 1.6975 1.5358 1.4309 1.36%0 L2746 1.1686, 1.0548
80 2.2084 1.7558 ' 1.4529 1.2991 1.2206 1.1753 141374 1.0907 1.0322
. 90 2.0404 1.5822 1.2829 1.1326 1.0617 1.0334 1.0252 1.0209 1.0097
‘ 100 1.9439 1.471% 1.1686 1.0167 .9472 L9285 19354 L9599 .9879
. . 110 1.90560 1.4103 1.0945 .9381 8457 L8444 L8642 9078 L9676
120 1.9144 1.3874 1.0563 .8874 , -8088 .7875 .8085 18443 9490
; . 130 1.9%60 1.3%25 1.039% .8573 L7702 L7445 L7856 8284 9327
. 140 2.0178 1.4157 1.0388 .8419 L7454 .7139 w7331 8001 .9188
150 2.0847 1.4478 1.0475 18361 J7302 .6928 .7094 .7782 .9074
5 160 2.1507  1,4802 1.0596 .83%8 L7217 L8790 .6928 L7624 8990
170 2.1996 1,5061 1,0706 .a37% W7174 . 6707 .6824 L7520 8933
‘ 180 2.22460 1.5204 1.0770 .§3%0 L7156 L6449 .6773 .7470 0904
N 190 2.2240 1.95204 1.0770 .8350 27156 L6689 L6773 7470 L8904
i 200 2.1996 1.5061 1.0204 .837% .7174 .4707 .6824 L7520 8933
; ’ {210 2,1507 1.4802 1.G596 .8358 .7217 5790 .4928 17624 8990
220 2.0867 1.4478 1. 8875 .8361 17302 .4928 L7098 .7782 .9076
230 2.0178 1.4157 1,0388 L8419 L7454 L7139 27331 .8001 . ,9188
240 1.9%60 1.3925 1.039% .8573 L7702 . 7445 17654 .8286 .9327
< . 250 1.9144 1.3874 1,0343 8874 .8088 .787S .8085 8643 9490
. 260 1.9080 1.4103 1.094% .9381 .8657 8464 .8642 .9078 9676
270 1.9439 1,4715 1.1684 1.0167 9472 . 9285 . 9354 Rt 9879
3 280 2.0404 1.5822 1.282% 1.1326 1.,0617 1.0334 1.02%2 1.,0209 1.0097
290 2,2084 1.7558 1.4529 1.2991 1.2208 1.1773 1.1371 1.0907 1.0322
- 300 2.4811 2.0091 1.697% 1.5338 1.4409 1.3430 1.2745 1.1486 1.0548
310 2.8124 2.3438 2,0442 1.8722 1.7427 1.6103 1.4400 1.2%26 1.0267
: 320 3.2730 2.845%5, 2,538 2.3539 2.1781 1.9330 1.6329 1.3393 7 1.0970Q
. . * 1330 3.8394 3.4746 ° _3.2092 3.0498 2.7862 2.3449 1.8462 1,4231 1,1147
' 340 4,4709 4.2377 4.1186 4.0591 3.6462 2.8430 2.0616 1.4948 . 1.1289
350 5.0598 S$.0256 5.2049 %.%5004 4.8374 3.3702 2.245% '1.5324 1.1389
N . 360 5.4310 5.5716 6.1100 7.2831 6.2469 3.7529 2.3%42 1.%823 1.1440
v * tllx!ll!lt!llttlll!!ltt!llllll!X!!!Il!l!tl!{!ltlltlt!#lxlltt!lll!!!lt!t!ltltlt!l!ttl!tt!lltll!
‘ . SUN ALTITUDE ANGLE =30.0 DEGREES
i
: SKY ELEMENT ALTITUDE ANGLE - ' .
: R
‘ . xxtt:xxx:xxtxxxxxxttxttt*xxxtxtt:xxxttxxxx:txttxx;:xxx::xx:xxxx:xtz:xztxttxt:x:xxztztt:tt:x{:x'
AZIMUTH 5 1S 2% hH 45 s &3 7% 85
xltt:ttzx:xxtztxt!tx*xlxxxxx:xxxx:xxxxxx:x!:xxxxx:xx:xxxxxxtxxxxxxxzx::xxx:xxxxl:xxxxxz;x:xxx:
. 40 3.0644 3.00%9 3.1734 3.754% 4.7780 4.2793 2.4347 1.4986 1.1719
20 2.9389 2.8360 2.%218 3.3092 3.8¢42 3.5111 2.4%81 1.4571 1.1455
30 2.7227 2.5585 2.5377 2.7258 2.9348 2.7841 2.1863 1.5817 1,1532
' :o 2.4658 2.2423 2.1413 2.2002 2.2884 .218% . 1.8985 1.4846  ©1.1354
. %0 2.2104 1.9462 1.7944 1.7823 1.8166 1.7933 1.4341 1.3778 1.1139
: 40 1.9828 1.6932 1.5147 1.4455 1.4741 1.4758 1.4130 . 2709 1.0892
. 70 1.79352 1.4899  *1.2980 1.2294 1.2244 1.2384 1.2299  © 1.170%1 1.0627
: ) 80 1.6509 1.3338 1.1344 1.,0547 1.0412 1.0601 1.0821 1.0790 1,038
! . 90 1.5484 1.2191 1.,013% L9261 . 9060 . 9256 . 9640 .9989 1.008%
S 100 1.4837 1.1394 . 9245 .8321 +8060 .8238 8703 .9300 .9828
: 110 1.4515 1.0892 .8464 7644 .7322 L7488 L7943 .8718 .9588
: 120 1.4457 1.0620 .8271 _.7148 .4781 . 4884 .7383 +0234 9371
0 . 130 1.4596 1.0524 .8038 L6844 . 46391 L8447 . 6932 . 7840 .9180
! 140 1.4859 1.05%0 L7919 +64633 .5118 .512% .4%88 7926 .P019
! 150 1.%5177 11,0644 .7877 <6504 <5927 . 5894 . 6333 .728% .9889
3 ) 180 1.5482 1.0742 . 7877 L6431 .2803 .5715 L4152 7110 .87%0
v 170 1.5720 1.0863 +7854 16394 + 5730 +5636 146037 L6996 +8724
180 1.%849 1.0921 .7907 - 16379 .5494 .5588 5981 L8940 .8691
190 +5B49 1,0921 .7907 16379 « 2696 .5568 .5961 ' L4940 8471
- 200 1.5720 1.,0843 +7894 16394 » 5730 . 5436 .4037 .6996 8724
‘ 210 1.5482 1.0762 .7877 .6431 .5803 .5735 .6152 T L7110 .8790
220 1.5177 1.04644 .7877 16504 L5927 .5894 446333 . 7289 8889
230 'L.48%9 1.0%50 L7919 <6633 L6118 .6125 . 4588 7526 .9019
240 1.4596 1.052 +8038 16844 .6391 L5447 V6932 +7840 9180
) 250 1.4457 1.0620 .8271 .7Ye8 .46781 . 56884 .7383 +8234 9371
- 240 1.451% 1.0892 .8664 7YY 7322 L7486 17963 .8718 .9588
270 1.,4837 1,1396. L9265 8321 L8060 .a218 ,8703 .7300 .9828
, 280 1.5484 1.2191 1.0135 19261 +90460 9256 . 9640 .99n9 1.0086. 7
290 1.4509 1.3338 1.1344 1.0547 1.0412 1.0601 1.0821 1.0790 1.03T5
300 1,79%2 1.4899 1.2980 1.2294 L2244 1.2384 .2298 1.1701 10627
310 1.9828 1.4932 1.5147 1.46%% 1.4701 1.47% 1.4120 1.2709 . © 1,0892
. 320 2.2104 1.9462 "1.7948 1.7823 1.8164 «  1.7933 1.6341 1.3778 1.1139
330 2.46%8 2,2423 2.1413 2,2002 2.2684 2.218% 1.898% 1.4846 1.13%6
340 2.7222 2.55635 2.35377 2.72%8 2.9348 2.7841 . 2,1883 . ' 1.5817 1.1532
350 2.9389 2.,8340 2.9218 31,3092 3.8042 3.5118 2,4%81 1.6571 1.1458
340 3.0648 3.003% 3.1734 3.754% 4.7790 4,279 2.4347 1.6%08 1.1719

ll!ﬂ‘llltllll‘!lllll!lttl!ll!’lX!t!!lllt!l!!ll!l!ll!llltl!lﬂil!!ll!lll!l!2!!!!!3.!!!8!!!!!!!!‘

o



. , I POOR COPY
.. oo COPIE DE QUA

o ) ool
N 1 a ‘ ~
‘ * ' ’ .-
. - 0 -
SUN ALTITUDE ANGLE =40.0 DEGREES 41 , . <
'
SKY ELEMENT ALTITUDE ANGLE ' *
. .
[ 23RS 3Rt T R T332 33030302030 33233 33820820333 02330 2203320383383 2032 0002200320808ty
AZIMUTH s 15 bolas 35 45 5% 4% 7% 8s
1323303330233 30 023300020243 82 00220222002 023 32083802223 2] KEEKEXXXXKRXKERKKERRKKE XX KKX KRR ERXXERAKK
10 31,7275 1.41%8 1.4301 1.9540 3.2249 3.1191 2.8910 1.8151 1.1996
20 1.6875 1.5651 1.5616 1.7474 2.1282 2.6427 2.5327 1,753 1.1917
30 1.6152 1.4752 1,4436 1.5734 1.8422 -2.1586 2.1369 1.6478 1.17653
40 1.5229 1.3633 1.3026 1.2787 1.8569 1.7641 1.796% 1.3519% 1.1551
50 1.4235 ' 1.2459 1.1408 1.1945 1.3104 1.4%564 145196 1.3847 1.1289
40 1.3276 1.1349 1.0316 1.0349 1.1093 1.2193 1.298% 1.260% 1.0994 . ]
70 1.2424 1,0371 <9207 »9032 v 9504 1.0349 1.1230 1.1464 1.0681 N
80 1.1719 +9556 8296 7976 8263 8964 .9839 1.0464 1.0343
90 1.1178° 8908 7549 17143 .7300 .7879 .8737 .9606 1.0053
100 1.0799 8417 +7005 16496 <6555 <7039 .784% .8881 9758
110 1.0568 8044 6580 ,+ 6000 <5981 . 6389 7175 .827% 9485
120 1.0444 ' ,7833 8271 T.me2s 5543 <5887 +6632 7777 L9241 '
130 1.0458 $7696 . .605% . .5350 5211 5502 6207 .7373 +9028 '
140 1.0519 .7629 5911, 5151 T .4964 <5210 .5881 .7053 8848 -
150 1.0816 <2409 5821 5012 4784 4994 25636 . 6807 .870s ,
160 1.0719 L7815 5768 - .4920 <4663 <4843 5462 <6528 8595 g
170 1.0803 . .7630 3741 <4865 4586 <4749 .5350 265124 L8522
180 1.0849 2641 5729 4839 14549 <4702 $5294 <645 8484 .
190 1.0849 17641 .572% . 4839 <4549 <4702 5296 16453 .B485
200 1.0803 <7630 <5741 .4865 . 14584 <8749 5350 +4512 .8522
210 1.0719 <7615 <5768 ,4920 14863 14845 5462 16428 3595 .
220 1.0614 .7409 .5821 5012 <4736 14994 5434 | .6807 8704
230 1.08519 17629 5911 S5151 4944 <5210 . .58B1 7053 8848
240 1.04%8 74696 . 6058 » 5350 5211 5502 <6207 +7373 9028
250 1.0444 7833 6271 5626 715543 .5887 -6432 7777 <9241
260 1.0548 8064 16580 - 46000 .£981 . 6389 7173 8275 9489 '
270 1.0799 .8417 7009 16496 6595 .7039 7863 8881 9758 .
280 1.1178 8908 7549 +7143 7300 .7879 8737 .9606 1.0053
2%0 1.1719 <9558 . .B8296 . .7976 . .8243 18964 7839 1.0464 1.0363
300 1.2424 1.0371 9207 9032 9504 1.0349 1.1230 1.1464 1.0681
310 1.3276 1.1349 1,0314 1.0349 1.1093 4.2193 1.298% 1.260% . 1.0994
320 1.4235 [ 1.2459 1.1508 1.1945 1.3101 1.4%44 1.5196 1.3867 1.1289
330 1.5229 1.34633 1.3026 1.3787 1.8269 . 1.7641 1.7965 1.5195. _1,1551
340 © 1,46152 1.4752 1.4436 1.59734 1.8422 2.1386 201369 1.6478 1.1748
30 1.6875 1.3431 1.5616 1.7474 2.1282 2.6427 2.5327 1.7537 1.1917
360 1.7275 1.6158 1.6301 1.8540 2.3249 3.1391 2.8%910 1.8151 1.1996 b

(22222333 2R3 3 22 R0t el eesdt st fisc ot tsss ettt Pe et bttt te it s setetdeis st etds -
SUN ALTITUDE ANGLE =70.0 DEGREES

-

SKY ELEMENT ALTITUDE ANGLE

ll!!l!il!ltllltt!!tt!!!ttt*&t‘xtt*!t!!**l!!il*t*tk!!!t!!ll}*!!txl*!**!!*!!*!ltl!!x!lxl!!!l!l!l

e 0 Tad A b v WS b e s

AZIMUTH < 15 23 as 43 =5 65 7% ) 8s
lxxu:xtxxxxxxnuuzt:arxuxuutxuutxxxxxxuuxtuxxxnxxxxxxnxuxxnxxnnnxtnxx:nuxt

10 L9741 8695 .8363 .9084 1,0934 1.4341 2,0102 1.9149 1.22%54

20 ".96%0 .8560 .8192 .8843 , 1,0551 1.3626 1.8217 1.7951 2155

30 9444 ~.9309 .7878 +8407 , 9879 . 2450 _ 1.5920 1.628% 1.1965

40 .9187 L7974 L7485 .7849 .905% 1,1142 © 1.3811 1.462% 1.1702

%0 .8849 . 7592 +7003 L7242 .8196, . 9864 1.2010 1.3120 1.1386

60 .8521 .719¢ 16534 v 6642 ., 7380 .872% 1.0511 1.1806 1.1037

70 .8208 .46821 4088 .6086 L6649 L7745 9279 1.0679 1.067%

80 .7928 16477 +5608 LE592 .46018 6925 8271 L9724 1.03:%

90 L7693 L6179 .533% 187 . 5485 . 16248 17449 8920 L9949 .
100 =~ .7%0% . 5931 5040 »4810 L5043 5694 «6782 .8249 L9645 !
110 L7379 5733 4797 +AS14 . 4682 L5246 4243 .7692 L9351 |
120 .7287 .5581 .4403 4279 L4391 . 48854 .5809 V7234 .9089
130 .7238 5470 .44%3 +4091 L4159 . 4401 \5A4S .6863 3863
140 L7219 . 5393 +4339 +3946 L3979 , 4379 5196 146569 .B674
150 L7219 5342 L4257 .3838 .3844 . 42118 L4991 .4343  .8323
160 ° .7229 . .S311 (4201 .3762 L3747 L4091 * , 4845 .4178 .840% v
170 L7241 5294 14166 .3713 . 3685 L4013 L4750 .46071 .8334 <
180 L7248 .5287 14149 . 3689 +3655 +3975 ,4703 16018 .8294
190 .7248 .5287 14149 . 3689 +3455 L3973 .4703 .6018 2296
200 7241 5294 .4186 .3713 3485 .4013 4750 | .6071 .8334
210 7229 . 8311 +4201 .3762 3747 . .40%1 .484% - .6178 409
220 L7219 .S342 L4257 ,3838 + 3844 4211 . 4991 14343 .8523
230 ° .7219 .£393 .4339 +3944 .3979 v 4379 5194 4549 .8874 L
240 .7238 5470 + 4453 L4091 N 4159 . 4601 5488 . 6863 .8843 }
2%0 .7287 .5581 14603 44279 . 4391 . 4884 +2809 , 7234 .9089 )
260 .737% ,5733 4797 L4514 . 4682 . 5246 16243 L7892 9351
270 L7509 . (5931 + 5040 .4810 .5043 .S494 4782 .g249 9645
280 .7493 L6179 . 5338 .S5187 .5485 L4248 L7449 .8920 .9969
290 7928 6477 .5686 .S592 .6018 L4925 .8271 \ 9724 1.0315
300 .8208 46821 .4088 6086 L4449 L7748 \9279 1.0479 1.067S
310 .8521 .7199 6534 <8642 .7389 .872% 1,051 1.1806 1.1037
ki .8849 .7592 7003 L7242 .81968 . 9866 t.2010 1.3120 1,1386 °
330 . 9167 7974 V7445 . 7849 L9058 1.1142 1.3811 1.462% 1.1702
340 -9444 .8309 7878 .8407 .9829 1.2460 1.5920 1.628% 1.1945 .-

350 +94650 8560 .8192 . 9843 1.0%%1 1.3826 1.8217 1.79%1 1.215%

360 L9761 ° 8493 .83463 ,9084 1.,0934 1.4341 2,0102 1.9169 1.2294
lll!tlll!lltll!llll!l!l!x!l!!lll!l!!llt!!!l!!ll!!llllx!xlxlt!tl!lll!t!ltt!txtlxlt!lttltl!ttlt!
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SUN ALTITUDE ANGLE =80.0 DEGREES
- 6KY CLEMENT ALTITURE ANGLE
l!!t!llt!!t!ttt‘!t!!l!!!*tt!!x!l!l!!!llit!ttt!txl!tt!lt!!!lxxt!tttllt!tttxlitttxtlltttlt!tt!!l
AZIMUTH s - 15 28 3s 45 =S N as
!‘ll!!!!!l!!!t!l!x!tl!l!!x*t*ttaX!!!*!‘l”l***’!‘l!*t!:!!!!!!’J!!***!t*!!t*!!x!x!!!x*!!xx!x!xlxl!
5S4 <4712 4319 3468 ., 5133 L6453 L3777 1.2760 1.2472

20 L5542 4685 4733 L4425 .5072 L6357 . .940%  1.2307 . 1.2311
30 . 5501 +4634 »4221 + 4344 4957 4178 7 .8291 1.1601 L2024
40 + 544 +A%463 +413% L4232 4798 .5936 . .7884 1.0818 1.1658
50 <5375 <4474 4030 . 4094 .4510 $ 5654 17430 1.0049 1.12%
40 . 25258 4380 3914 3948 2« 4407 L5304 A947 «9334 1.0840
76 .5220 . 4280 .3793 L3794 L4199 .50%8 652 8690 1.0437
80 « 5143 «4180 <3472 3443 3997 4774 4109 .8119 1.0057
90 5072 L4086 . .3%58 L3499 3607 4512 . %738 7619 9706
100 . 5009 » 3999 .3452 3344 3633 42727 .5408 .7188 9388
110 . 4955 3922 .3357 .3248 .3481 . 4070 5124 6819 191064
120 . .4912 1. 3855 .3274 3144 3348 .3892 .4883 . 6508 .88%59
130 .4877 \ 3800 .3203 . .30%56, 3238 13743 .4682 L6251 .8649
140 .,4851 3758 «3146 2984 «J3143 . 3621 14518 . <6042 8475
150 24833 3721 .3100 .2927 .3070 .3536 4391 .5880 ,8337
140 , 4821 3694 « 3047 .208% .3014 .343%5 + 4297 »S760 +8234
170 4613 , 3680 3045 2857 .2981 .3409 . 4234 .5482 .816%
180 4810 <3672 <3034 2843 2963 .+ 3386 » 4208 5643 .8131
190 .4810 3672 3034 2843 2963 .3384 , 4209 5443 .8131
200 ¢ .4813 3580 3045 2857 .2981 .3409 4234 5482 8165
210 <4821 v L3894 <3047 . «288% .3014 . 345% ¢ 4297 « 5740 +8234
220, - .4833 .3721 3100 2927 3070 3526 L4391 3880 .8337
230 . 4351 «373% 3144 2984 3143 t3621 4518 +6042 8478
240 . 4877 .3800 L3203, .30%6 .3235 <3743 . 4482 4251 8649
2%0 L4912 <3855 « 3274 WJl4a _+3348 _  .3892 4883 .4508 .888%9
260 °  .495% .3922 . L3357 .3248 .3491- .4070 L5124 .&819 9104
279 5009 3999 3452 L3366 .363S L4277 . 5408 7188 .9388
280 5072 4084 .15%8 3499 . 3807 L4512 .5736 L7619 9706
290 .S5143 . 4180 . 34872 s 3543 + 3997 +4274 +46109 9119 1.0087
3Joo L5320 . 4280 « 3793 3794 «A4199 +5058 L4521 «86%0 1.0437
310 .5299 +A300 | <3914 ' .3948 4407 535S 6967 9334 1.08480
320 e L4475 <4030 <4096 . 4610 .D4T4 .7430 1.0049 1.1253
330 e G444 4563 4135 <4232 .47%8 5934 .7884 1.0818 1.1458
340 LSZ01 ‘N L 4634 422 L4344 L4977 .6178° 8291 1.1401 1.2024
350 L5ma2 4485 L4283  * ,4425 5072 5357 8605 ,2307 1.5311
340 T L.E564 4712 L4315 » 4448 9133 <6453 8777 1.2760 192472

lllill!l!llilll’t‘l!31‘!!!!*’!‘*3!!llll!ll!!,l‘llX!ﬂ!!!lx‘!t!‘l‘***‘**t‘x*l!t"!!t!!*i!’!l‘*‘*
SUN ALTITUDE ANGLE =90.0 DEGREES

SKY ELEMENT ALTITUDE ANGLE

v

AKX EE R R AR LA IR R KR AR LR KR AR KR XX R IXR XXX KX XA XKL ERE

AZIHUTH S 15 23 - 35 45 ] 65 75 83
EEREABERAE A AR KKK R KA IR KKK E XA R A IR KRR AR XA ER KR EERE XA E XA XXX RAIRX A XXX KR IXRA XK
10 $3227 2594 »22%589 « 2226 + 2437 2923 +3B0S » 5339 7995
20 «3227 h\‘k2'94 2258 52226 + 2437 L2923 .3806 . 5339 7995
30 L, L3227 . _ L2094 ,2238 L2228 WPAI7____ .2923 . .38B04 * .3533% . _ .799%
40 $ 3227, 2794, .2258 7 2224 2437 «2923 «3806 + 5339 7999
50 #3232 L2594 «2208 V2226 ' 2437 2923 . 3806 5339 7995
60 .3227 +2594 2258 f L2226 #2437 2923 «380¢6 .5339 7999
70 « 3227 2994 . 2258 «2226 2437 2923 .38046 5339 7995
80 «3227 - 3594 .2258 «2226 2437 2923 + 3804 » 3339 7993
90 .3227 2594 2258 2226 2437 2923 3806 . 5339 7999
100 . 3227 2794 .2238 22224 + 2437 .2923 <3804 . 5339 7995
110 + 3227 <2094 +2238 12226 2437 2923 3806 » 5339 7978
120 <3227 22594 .2258 L2226 2437 + 2923 «3806 L5339 7999
130 £ 322 2594 . 2258 +2226 #2437 . 2923 38046 » 5339 7993
140 «3227 2574 . 225 02226, 2437 £ 2923 . 3804 3339 7993
' 150 . 3227 « 2594 .2258 + 2224 <2437 2923 3806 5339 7995
140 . 3227 . 2594 »2258 222 2437 + 2923 <3804 5339 7995
170 .322 2594 L2258 2228 2437 .2923 . 3806 + 5339 7999
190 «3227 2594 .2258 2226 «2437 2923 3806 L4339 7995
190 . 3227 2594 2258 2224 2437 2923 +3806 . + 5339 7993
200 » 3227 « 2594 . 2158 2226 2437 2923 .3808 8339 7995
210 -322 2574 2258 3226 . 28327 . 2923 .3806 5339 7999
220 +322 + 2594 .2258 2226 <2437 + 2923 + 3804 .5339 7995
230 , + 322 «2T74 .2258 12226 22437 . +2923 + 3806 + 3339 7993
2140 «3227 <2594 -22%8 » 2226 2437 2923 +3804. L5339 +799T
220 -3227 2594 . 2258 2226 22437 2923 + 3806 L5339 7995
240 322 + 2574 .2258 va22 #2437 +2923 13806 + 5339 2993
270 .Ja2 « 2594 L2258 222 « 2437 2923 .3804 .5339 7995
280 . 3227 2594 £ 22T £3226 L2437 « 2923 3806 .533% 7995
290 3227 « 2594 <2258 222 2437 2923 +3806 + 5339 17999
300 322 2594 .2258 - L2228 2437 » 2923 .3804 L2339 7999
J10 . 3227 2574 2298 2226 <2437 +2923 + 3806 .3339 7995
320 <3227 2594 12298 2228 2437 2923 . 38048 5339 ,799%
330 <322 2594 .22%8 2226 2437 . 2923 3804 5339 7995
340 -3e27 #2594 t L2088 12228 . 2437 L2923 .3806 .5339 .799%
330 . #3227 <2394 2298 222 £2437 2923 + 38048 5339 7998
360 .322 <2594 <2258 222 2437 Q923 T «3206 5339 ,799%
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The Tuminance distribution of the clear cloudless sky wé;
used to determine incoming - illumination from each sky |
element (Tuminance of the element x Area of the g]emen?)
the résu[ts are shown for sun altitude angles of'ZO“, 30"L

LN and 90‘.



-

-
1

INFERIEURE

e e e = e

L s B A D TR A

g e

. ‘ -413- B
SUN ALTITUDE ANGLE =20.0 DEGREES :

SKY ELEMENT ALTITUDE ANGLE

N

EEEEEERE AR KA A KRR R AR AE R R T EEFIRREERBA KA R KA XA KL AR RKAEKRAA R AR EXTARLIT LI XA XN R XX KS

AZIMUTH S 15 23 EN] 45 ©SS M 73 85
ut!xxuxxtxxxxxxuxtlxxtxtttxxxxxx:xnxxxvtt*xxxxn:xnmxxxxxtxt:uxxxxxxxxxxxxxnxxnxxx:x:x
10 + 5050 5198 3646 . +1832 L0922 .0472 »0238 .0108 0029
20 -4111 T .3458 24614 . 1538 . 0840 0447 .0232 .0104 L0029
30 3095 L2549 .1841 L1197 .0718 .Qa10 .0221 .0104 . 0029
40 .2321 . 1834 + 1334 .0920 . 0597 0364 + 0206 «0101 . 0026
50 .1782 <1373 - 1004 L0719 .0494 .0320 0191 .0C97 .0028
&0 .1418 +1073 .0786 .0577 +0413 .0281 0176 0093 .0028
70 . 1175 .0877 « 0442 .0478 L0352 0249 .Q162 .0089 . 0027
80 .1017 10749 0546 «0410 .0307 .022 .01%0 .008% .0027
920 0921 0670 . 0483 0364 <0276 .0203 .0140 «0082 . 0027
100 .0875 | .0626 . 0449 0333 0254 0189 0132 .0079 » 00268
110 . 0865 0611 .0432 0319 . 0240 0179 .0126 . 0076 . 0026
,120 .0885 0616 . 0429 0312 £ 0232 L0172 0121 0074 -0024
130 <0924 0438 . 0436 L0313 .0229 0148 .0118- .0072 L0026
140 . 0975 0444 0450 0318 .0230 0168 .0118 . 0071 0025
150° .1028 L0496 . 0448 0323 .0232 0185 0114 . 0070 . 0025
150 1077 Q725 . 0482 0133 ,0234 01635 0113 00489 0023
170 21113 +Q747 <0494 . 0339 .0237 0144 0113 .C0s9 . 0023
180 »1133 + 0759 .0%01 20342 .0238 0166 0113 0069 0025
190 «» .1133 , 0759 . 0501 «0342 .0238 0164 .0113 0049 0025
200 .1113 .Q0747 « 0494 0339 . 0237 0164 +0113 0049 £ 0023
210 1077 0725 . L0482 0333 - 0234 20163 .0113 . 0069 0023
220 »1028 0496 . 0466 +0325 . 0232 20163 0114 . 0070 10025
230 . 097% 10644 . 0450 .0318 . 0230 01566 .0116 .0071 L0023
240 .0924 20636 <0436 0313 .0229 .0168 .0118 . 0072 10026
2350 08835 «Qb16 10429 0312 . 0232 0172 L0121 .0072a . 0026
260 0885 .0611 . 0432 . .0319  _ .0240 0179 0124 00748 0024
270 0875 «0626 ' 0449 0335 028 .0189 .0132 . 00729 T 0026
280 -+0921 . 0670 . 0483 0364 Q276 .0203 <0140 10082 0027
%0 o +10127 «0749 +0T46 0410 0307 .0223 01350 . 0083 . 0027
300 , #1173 .0877 0442 . 0478 0352 0249 0142 .0089 .0027
310 .1418 <1073 .0786 &V ,0577 | 0413 .0284 «0174 . 0093 . 0028
320 1782 .1373 1004 _  ,0719 0494’ .0320 .0191 0097 . 0028
330 22321 ' .1834 + 1334 0920 0597 0364 0206 . 0101 .0028
J40 «309% L2549 » 1841 .1197 .0718 “0410 .0221 . 0104 . 0029
350 4111 + 3658 12614 1538 . 0840 0449 . 0232 .0106 . 0029
360 5050 .5198 w3666 .1832 . 0922 0472 .0238 .0108 . 0029

IXAXXXKAXEX ‘x!l"lx*!'!"X*‘l‘l'!t*!‘3!"Il’l!tlﬁf‘l!tll*tl’t‘**l"*‘,x‘!**t“l"!‘lx“"‘."lt!'
SUN ALTITUDE ANGLE =30.0 DEGREES '

. y
' .
.

SKY ELEMENT ALTITUDE ANGLE .
KA KA AKX KA KR X RE X EX KKK KN X KA XX XKML TR A AR A XK R XXX AT R KR XXX
AZIMUTH x 15 25 . 35 a5 53 63 75 8%
nnnnnxun:nnxxxutun*n:xhunu*xnnxnunuunxuuxn:uunuuxunxuxun
10 .2904 .2997 .3088 L 2262 L1134 0559 .0249 L0116 . 0030
20 599 .2484 .2238 J1671 .0982 0520 0260 .0114 0029
30 .2129 .1907 <1596 1210 L0791 0440 .0243 ,0111 . 0029
.0 .1712 L1451 L1168 0894 . 0627 .039% .022 .0107 ,0029
50 (1392 .1125 .088% ' ,048% .0%01 0334 ,0202 .0101 . 0029
40 .1138 .0899 .0694 ,0541 . ,0407 .0297 .0182 0096 0028
70 (0945 | ,0745 . 0568 (0442 0340 0248 0145 .0091 .0028
80 .0B48 .0640 .0482 .0374 .0291 0217 .0149 .0084 .0027
90 .077% .0573 .0425 0328 0256 0194 .0137 .0081 .0027
100 L0736 0533, .0389 0297 L0231 L0177 .0127 .0077 L0025
110 0724 .0514 .0348 0277 0214 (0164 0119 .0074 0026
120 .0734 L0512 . 0360 .0267 _  .0203 01558 .0113 .0071 .002%
130 0759 0521 L0340 0262 . 0197 0148 .0108 0069 , 0025
140 L0793 .0538 L0366 0262 .0193 0144 .010% L0047 . 0029
150 0829  _ ,0557, L0374 .0264 , .0192 0142 0102 .004% .002%
140 L0862 _  .0%74 .0383 L0267 _ L0192 L0140 .0100 .CO64 ___ .0024
170 .0887 .0590 . 0390 .0270. 0192 0140 .0099 0054 .0024
180 0901 .0598 .0394 .0271 L0193 0139 0099 L0043 L0004
190 - .0901 .0598 + 0394 0271 .0193 L0139 .0099 .0063 .0024
200 .0887 .0590 . 0390 .0270 . 0172 .0140 L0099 L0044 .0024
210 0862 .0576 .0393 .0247 0192 10140 .0100 0044 .0024
220 . 0829 .05% .0373 .0264 .0192" 0142 0102 L0045 .0025
230 0793 .0%538 <0364 .0262 0193 L0144 ,0105 L0047 L0025
240 0739 .0521 . 0340 0242 0197 0148 0108 0069 .002%
250 © .0734° L0512 0360 0267 0203 0155 .0113 © ,0071 - ,002%
240 0724 L0514 .0348 0277 0214 L0164 0119 .0074 .0026
270 0736 . 0533 .0389 .0297 . 0231 0177 0127 L0077 L0026
280 0773 L0573 .042% .0328 .02%6 0194 0137 .c081 0027
290 10848 . .0440 .0482 .0374 0291 0217 .0149 0286 .o0TYe
300 L0945 0745 .0%68 .0442 .0340 0248 (0165 0091 .0028
110 (1138 .0899 . 0696 L0541 . 0407 .0287 .0182 L0098 .0028
320 1382 .1129 .08es 0685 0201 L0336 .0202 .0101 .0027
330 1712 . 1451 L1148 .0896 .0827 .039% .0223 0107 .0029
340 .2129 .1907 L1596 .1210 L0791 0460 0243 L0111 .0029
350 2279 2484 .22138 (1671 0982 €520 0240 0114 0029
360 .2904 .2997 .3c88 .2262 11134 0539 . 0249 L0114 0030
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SUN ALTITUDE ANGLE =40,0 DEGREES

L d

SKY ELEMENT ALTITUDE ANGLE

EXEREEAX KR ERERE X KRR XX KR KKK R KRR LR KKERKKKE KK KRR KRN KK KR LA XK ET R K RAEX AR KKK XA KKK AKX K KK

AZIMUTH s 15 25 3 Yo ] 3s 7% . 8s
I!xll*lil**x*##*!t!**t**tk!!*!x!tt*t*xl#l*xl**1t*i!t!X*!t!x!!!lt*ll!!t*t!t*tl!*t!XXXXX*iX!!‘Xl
10 L1646 . 1637 ° 1689 «1815 .1344 » 0655 .0303 WQ125 .0030
2 .1533 .1477 1425 (1371 .1041 - 0588 .0289 o122 .0030
30 .13%55 <1245 w1138 <1012 0784 04948 L0245 ,0118 .0030
40 1144 .1021 . 088% s 0740 0599 + 0409 0237 .0112 .0030
50 .0992 .0836 . 0498 0587 0449 ,0337 .0210 .0105 0029
40 . 0852 . 0698 05644 04867 .0378 ,0281 .018%9 «Q099 .0029
70 <0744 «0590 0468 Q383 .Q310 .C238 0164 .Q0%2 .0028
80 .0689 L0514 0401 .0324 .0263 .020% .0144 .0086 0027
90 .04618 <0445 L0354 +.0282 022 © .0180 .0132 .0080 .0027
100 . 03589 +0432 .0322 .,0253 0204 .0142 .0120 0076 -0Q26
110 . 0578 +0414 <0302 30234 * .0186 +Q148 0111 .0071 .0024
120 .0%80 .0408 0291 0221 0174 .0137 0104 .0048 .0025
130 L0583 0409 .0287 .0214 0166 .0130 .0098 ,0065 .0025
140 —_.0612 L0416 " .0284 .0210 .0160 .0125 L0094 .0063 0024
150 <0632 . 0423 .0289 .0208 0157 .0121 .0091 +0061 0024
160 .0652 L0435 0292 .0208 0155 .0118 ,0089 .0060 ,0024
170 . 0647 «044a3 L0293 .0209 .0154 0117 .0088 0059 » ,0024
180 .. .067% L0447 0297 .0209 0154 0116 .0087 0059 0024
190 <0678 10447 0297 0209 0154 0116 0087 .0059 .0024
200 L0667 . 0443 .029% .0209 .0154 .0117 .0088 0059 0024
210 L0652 .0435 *  .0292 .0208 0155 0118 0089 0060 G024
226 L0632 0425 .0289  _ .0208 0157 .0121 .0091 .0061 .0024
230 L0612 .0414 .0286 ,  .0210 .0140 0125 .0094 0063 .0024
240 0593 . D409 .0287 L0214 0166 ¥ .013C .0098 0065 0025
250 . 0580 .0408 .0291 0221 .0174 0137 L0104 .0068 .9025
240 .0578 0414 .0302 0234 .0184 0148 L0111 L0071,  .0026
270 - . .0389 0432 0322 0253 .0204 .0142 .0120 .0076 0026
280 .0618 0465 .03%4 _  .0282 .0228 .0180 L0132 .0080 .0027
290 0469 L0516 0401 0324 0243 0205 L0146 ,0084 .0027
300 L+ Q744 Q590 .0448 .0383 .0310 0238 0144 0092 .0028
310 .0852 . 0895 0544 0467 0374 .0281 .0185 0099 . 0029
320 . 0992 0834 0698 ,0587 0469 .0337 .0210 ,0105 .0029
330 « 1164 .1021 .088% .0740 0599 0409 ' .0237 0112 .0030
340 L1355 1043 1135 .1012 0784 ,0496 0245 .0118 0630
330 + 13533 1477 1435 £1371 «1041 . 0588 .028¢9 .0122 .0030
360 <1644 1437 .168S .1815 1344 04658 .0303 012% » 0030

AERa it g L T s PP L i I e e I taT e
SUN ALTITUDE ANGLE =350.0 DEGREES '

v

SKY ELEMENT ALTITUDE ANGLE

PR332 02020 002432 £ 02220002333 22802380 03330 223 R0 330 3222080223322 33303 02223303300 0042232333032432¢4 2

AZINUTH M 15 2% 35 45 11 4% ’s 25
b33 32232223 P332 7502233333 ¢ 23 83020222332 2P 29223827 P 1000 3330223332383 3 3283 8 323380233 ¢
10 . 0929 » 0883 .0875 0936 1028 0747 . 0339 0134 Q031
20 . 0891 + 0833 + 0806 40825 140818 . 10613 0316 »0130 , . 0031
30 . 0825 » 07351 .0700 0679 0632 048 .0281 »012S5 . 0031
40 <0747 + 0659 0590 .0548 0492 .0387 0244 0117 .0030
50 0670 » 0572 104935 10444 L0391 0313 0210 03108 + 0030
60 . 0601 » 0498 0418 203465 0317 g +0238 .0182 ,0100 . 0029
720 - <0044 »0438 . 0358 10306 10263 .0216 . 01358 0092 .0028
80 03500 »0392 . L0313 «0263 L0224 _ ,0185 0139 »00835 0027
90 0449 . 0358 0279 .0231 20193 0162 .0124 0079 0027
100 0450 10333 10255 0207 0173 0144 0112 20073 Q024
110 . 0440 + 0320 .0239 »0190 .01%8 0130 +0102 | .004% .0023
120 .0438 . 0312 .0228 , <0179 0144 0120 0093 10055 . 0028
130 . 0442 + 0309 £0222 .0171 10137 0113 0089 w0062 10024
140 . 04350 »0310 .0218 | +0163 ,0132 0107 .008% . 0059 +0024
150 0460 20313 20217 +0162 0127 0103 . 0081 + 00357 «0024
140 104469 0316 L0217 +0160 ,0125 0100 0079 + Q0356 » 0023
170 0474 {0319 0218 ,0159 +0123 .0098 , «0078 . 00SS . 0023
180 . 0480 10321 .0218 10159 »0123 +0098 0077 +005S . 0023
190 <0440 . 0321 .0218 .0139 .0123 0098 0077 +0033 . 0023
200 0474 -+ 0319, . 0218 2514 0123 0098 .0078 +0053 . 0023
210 <0449 0314 .0217 0160 .01235 .0100 0079 0036 .0023
220 0460 0312 +0217 01462 L0137 0103 .0091 . 00%7 . 0024
230 - 0450 + 0310 0218 0165 20132 +0107 + 0083 , 0059 0024
240 «0442 + 0309 .0222 0171 »0137 0113 NeLe]-14 0062 0024
250 <0438 + 0312 .0228 0179 0144 0120 .009S » 0048 . 00235
260 . + 0440 +0320 .0239 «0190 .0178 0130 0102 » 0069 10023
270 « + 0450 + 0335 L0238 10207 0173 0144 0112 0073 . 0028
280 <0449 03%8  ° .0279 0231, (0199 01462 0124 0079 +0Q27
290 . 0500 ©..0392 0313 .0243 0224 .018% . 0139 0083 » 0027
300 « Q544 <0438 .0358 0306 - 0263 0216 0138 » D092 .0028
310 « 0608 + 0498 0418 03469 +0317 .0228 .0182 0100 . 0029
320 L0670 V0572 10495 10444 0371 0313 0210 t,0108 Q030
330 . 0747 L0659 .0%590 .0Z48 0492 .0387 .0244 0117 «0030
340 .002% LOVS4 20700 10679 20632 0484 0281 +0129 + 0031
Is0 . 0891 .0833 0806 .0825 .0818 0613 03146 »0130 + 0031
3480 « 0929 . 0883 .087% .0936 .1038 0747 0339 0124 . 0031
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SUN ALTITUDE ANGLE =50.0 DEGREES

SKY ELEMENT ALTITUDE ANGLE

xxxtxtxtttxzxxxxxtttxxt*txxx:x:xtxxxxztx*xxxx:ftzxxxxxx:xxxxxxxx:xxxxxxxx:xxxxx:xxtxxtxxxxxxxt

AZIKUTH 2
R EREE KRR AKX XN TR X RRKRKRK KX EERE TR MM A LA KX MK K XXX IXXXEX X

10 0524 . 0473 . 0449 .0442 .0%0¢ .0C44 0372 0142 +0022

20 .03511 0440 0431 «043% . 0488 <0441 022 .0138 0032

30 .0490 «0434 . 0398 . 0392 +03%8 0377 0275 .0130 40031

L 1] 0462 . 0401 +0359 0344 0333 0308 0231 .0120 ,0031

So » 0431 03384 .0320 .0290 . 0282 0254 . 03195 .C109 .0030

60 0402 0334 . 0234 258 .0239 .0213 0157 +C099 0029

70 »0377 . 0308 +Q2%4 .022 «0204 ¥ 0181 +0144 + 0090 .0028

80 »03T8 . 0281 . 022 .0199 .0178 Q1548 0127 .0082 .O5ZZ

?0 + 0339 10262 + 0209 .0178 01357 «0137 .0112 0076 L0027
100 » 0327 T 20247 » 0193 0142 .0141 .012 +0101 .0070 .Q024
110 ,0320 » 0237 .0181 01350 .0129 0111 0092 + Q085 +0025
120 + 0317 . 0230 .0173 -0140 .0119 +C103 ,003% + 0081 +0023
130 . 03127 » 0224 20147 .0133 0112 +CO7$ + 0080 .0058 «0024
140 » 0319 + 0224 + 0163 +Q128 20107 . 0091 0076 0056 +0023
150 »0322 0224 0160 <0125 .01C2 , + 0087 .0072 .00%T4 .0023
150 0328 022 0139 0123 L0100 . 0088 . 0070 » 0052 . 0022
170 0227 Q224 20158 00121 « 0099 .0083 + 0069 ©+0031 . 0023
180 L0329 0228 .01%8 <0121 «0C93 Q082 + 0068 0051 .0022
190 0329 . 02235 _+0138 «01212 .0098 .0082 . 0048 .0031 .0022
200 .0327 0224 +0158 «0121 + 0099 .0083 . 0049 .0051 20023
210 L0325 0224 0189 .0123 . 0100 . 0083 0070 #0Ccs2 £ 0023
22 .0222 0224 + 01460 0123 <0103 «0087 0072 + Q054 .0023
230 0319 + Q224 10143 0128 0107 0091 0074 . 0056 20022
240 +0317 + 0226 0167 »0133 «0112 . 0098 . 0080 .0038 0024
250 *. 0317 «0230 0173 + 0140 0119 .0103 . 0088 -0061 .002%
260 0320 ,+ 0237 .0181 » 01350 Q129 .0111 . 0092 0085 0023
270 0327 0247 . 0193 0142 <0141 .0123 .0101 .0C70 +0026.
280 . 0339 0262 10209 0178 « 0157 .0137 0112 . 0078 .0027
290 0355 <0281 0229 + 0199 .0178 0186 <0127 -0082 . 0027
Joo 0377 +0305 02754 0223 — +0204 .0181 0144 - 0090 +0028
310 0402 .0334 .02B84 .02%8 . 0239 . 0213 0167 . 0099 » 0029
320 0431 03466 0320 . 02798 . 0282 025 0193 0109 +0030
330 s 0442 + 0401 0359 10344 + 0332 + 0308 . 0231 0120 .0031
340 10490 0434 .0398 ' .0392 . 0396 . +0377 » 0275 .Q130 . 0031
350 0511 0440 0431 + 0433 . 0438 0461 0328 .0138 00322
360 0524 0473 .0449 Q462 . 0500 CLER] » 0372 0143 0032
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PP 2222222 3323333230802 23253322251

R R R Y R P X AN AAR AKX LR TKE XA AR KR XA E TR KA T EARX XN R KB LI X KK IR KKK
SUN ALTITUDE ANGLE =70.0 DEGREES

3

SKY ELEMENT ALTITUDE ANGLE

. B 1
[3 TR RS 232 222 3332233223233 3233222222332 3303333333033 ¢332 223333322332 2¢3232 2]
AZIMUTH S 13 23 35 43 o3 &3 7% 85

P33 53330333 3PP 30 0230332330333 3003033320 2030020322 8033032823 00020023020 3230020232220 00220¢20¢2¢¢0 222 24

10 0296 + 0254 0231 . + 0226 .02353 . 0250 0258 .0151 .0032
20 . 0292 . 0282 » 0226 + 0220 . 0227 .0238 .0234 0141 .0032
30 . 0286 + 0244 0217 0210 .021 10217 0205 .0128 .0032
40 02789 + 0234 » 0206 10196 « 0193 20194 .0178 0113 +0031:
S0 . 0268 » 0223 » 0193 . 0180 + 0176 .0172 0154 +0103 .0030
40 .023T8 » 0212 .0180 0146 0139 .0132 .013% . 0093 . 0029
70 » 0249 » 0200 . 0148 0152 <0143 -013% .0119 . 0084 .0028
a0 . 0240 0190 » 0137 0139 . 0129 -0121 «0106 <0077 0027
90 . 0233 .0182 0147 .0129 .0118 . 0109 10096 +0070 0026
100 .022 0174 + 0139 0120 ..0108 . 0099 .0087 00635 0024
110 . 0224 . 0148 . 0132 .0113 .0101 . 0092 .0080 <0061 .Q02S
120 . 0221 10164 .0127 0107 . 0094 . 0085 + 0075 .00%7 0024
130 . 0219 «0161 «0123 0102 .0C89 +0080 0070 0054 20024
140 .0219 0158 w0120 . 0098 © .0086 0076 10067 0052 «0023
1350 .0219 0137 .0117 . 0096 + Q083 .0073 0064 . 0030 .0023
140" .0219 0154 01164 0074 «0C81 .0071 «0062 + 0049 .0022
70 0219 01546 «0115 0093 0079 . 0070 0041 .0048 .Q022
180 +0220 + 0133 0114 «0092 + 0079 Q049 0060 100427 +0022
190 . 022 + 0133 <0114 0092 0079 0049 0060 10047 40022
200 0219 . 0156 .0115 20093 _ | L0079 _ . Q070 . 0061 .0d48 _.+0022
210 .0219 0154 .0114 20094 . 0081 .0071 .00462 0049 .0022
22¢ 0219 . 0137 0117 200948 . 0083 +0073 0064 . 0050 .0023
230 .0219 0178 . 0120 0098 0084 0076 0047 10032 .0023
240 0219 0161 «0123 .0102 . 0089 +0080 .0070 .00%4 +0024
2350 .022 0164 .0127 .0107 . 0094 » 0085 0073 . 0057 .0024
260 .0224° .0148 .0132 .0113 .0101 . 0092 00390 . 0061 00237
=70 . 022 «0174 . 0139 +»0120 .01¢8 0099 ,0087 00635 0026
280 +0233 _~+0182 «0147 0129 10118 + 0109 0096 0070 10026
290 .0240 .0190 0137 .0139 .0129 +0121 40106 0077 0027
R{o1s] 0249 .020¢C .0148 .0132 L0143 ° .0133% 20119 .0084 0028
J10 .02%8 .0212 .0180 <0166 0159 .0152 0133 0093 0029
320 0248 .0223 0193 0180 .0174 . 0172 0154 .0303 .0030
330 .0278 20234 «Q204 0196 01995 20194 0178 01185 0031
340 +0286 «0244 0217 . 0210 .0213 .0217 0205 0128 10032
3Z0 .0292 .02%2 <0224 0220 £ Q227 0238 Q234 0141 Q032
360° . 0296 02354 .02 0228 -0233% .C2%0 .0258 L0151 0032
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SUN ALTITUDE ANGLE =80.0 DEGREES

SKY ELEMENT ALTITUDE ANGLE

R R R R K X A K KRR AR KR E KRR R KKK K KA AT R LR TR KRR KRR K EXK R KRR AR X KKK L XXX
.

AZIMUTH S 135 s ki 4% s o5 ¢ 7S es
133323802233 22 3233233232323 33 3022222082022 22330 3282332223322 232 4302223222332 23¢22 3322233083 22303 ¢
Y 0129 +0138 . 0119 0111 0110 -0113 . 0113 0100 0036
20 01468 .0138 G118 .C110 0109 .0111 0111 . 0097 0033
30 0187 0130 .0114 .0108 <0107 .0108 -+ 0107 . 0091 0032
40 20165 0134 0114 «010S .0103 0104 +0101 . 0085 0031
MY <0163 .0132 . 0111 0102 0099 . 0099 + 0094 0079 .0c30
60 <0161/ 0129 »0108 , 0098 0095 . 0093 . 0090 . 0073 «0029
20 .0158 ¢ 0126 + 0105 + 0095 .0090 .Q08 . 0084 00468 .0028
80 v «0158 ' ,«0123 «0101 . 0091 .0086 .008 . 0079 0064 .0027
90 <0154 0120 + 0098 10087 . 0082 + 007 <0074 00460 0025
100 <0152 .0118 . 0095 . 0084 . 0078 «007 + 0070 0057 0025
110 .0130 0115 » 0093 .0081 0078 . 0071 0066 0034 .0024
120 - 0149 0113 + 0090 0078 » 0072 0048 T . 0063 + 0051 +0023
130 0148 0112 . 0088 . 0074 . 0070 + 0045 +0040 0049 . 0023
140 «014% 0110 » 0087 0074 0063 <0043 \.0058 0048 .0022
1%0 032 +0109 0083 . 0073 + 0046 +0062 «00356 . 0044 20022
140 -0124 + 0109, . 0083 . 0072 0063 <0060 \.0055 . 004aS +0022
170 0144 L0108 .0084 Q071 + 0064 . 00%°? + 0045 ©.0022
180 0146 .0108 + 0084 + 0071 « 0064 0039 0044 .0022
190 -0146 .0108 . 0084 . 0071 «0064 « 0039 «0044 +0022
200 «01244 .Q108 . 0084 +0071 + Q064 +00%9 <0043 0022
210 ¢ 0148 0109 . 0083 10072 Q065 = 00460 10045 +0022
220 .0144 .0109 . 0085 . 0073 + 0046 . 0042 . 0046 .0022
230 «0147 0110 . 0087 0074 .0048 0043 .Q048 .0022
24 +Q148 .0112 « 0088 20074 <0070 . 0085 <0049 + 0023
2% 0149 0113 0090 . 0078 <0072 | . 0068 .0031 . 0023
Zép 0150 0115 0093 + 0081 « 0075 «0071 0054 0024
270 <0130 .0118 " + 0093 0084 .0078 + 00723 .0057 0025
280 «0154 .0120 . 0098 . 0087 0082 . 0079 <0060 -0026
290 «0154 .0123 0101 . 0091 10084 » 0083 «00464 + 0027
300 +01%8 «0126 . .0105 + 0095 + 0090 . 0088 . 0048 .0028
310 0181 0129 . 0108 . 0098 . 0095 + 0093 0073 +0029
120 0183 0132 . 0111 . +0102 . 20099 _: 0099 0079 +0030
330 +0145 0134 +0114 0103 +0103 . +010 0102 00835 .0031
340 0147 01346 .0116 .0108 0107 + 010 «0107 . 0091 «0032
350 + 0158 . 20138 «0118 +0110 0109 011 0111 L0097 + 0033
240 -0159 .0138 .0119 0111 20110 -011 0113 «0100 . 0033
(3PPt 2 R 2223 R 22 E 2202232322222 3 2332 4 i3t se st st e 2223303333333 3333333

SUN ALTITUDE ANGLE =90.0 DEGREES

N 5KY ELEMENT ALTITUDE ANGLE \
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ltt!!tl!!t!!t*!l!!t!!xl!it!!!Xl!!!!Xl!!!!lllxx!l!!t!!l:t!!!t!!!XXt!tXt!tlx*ﬂ!lxt!!*x!t!*ltlxt:

AZIMUTH < 15 25 ki3 4S -1 -3+ 75 85
[33 3832834 xxuxxxxxt:uxtxxntxxxxxxxx:tttxn}x:xtt:xxxxxxxxxxxnx 1331333383333 332243343233303 %4
10 . 0098 .0074 . 0042 . 0083 .0082 .0051 \ . 0049 . 0042 0021
20 . 0098 . 0076 ,0C42 . 0055 00352 0082 . 0049 . 0042 0021
30 .0C98 .0076 +0062 . 00353 0052 . .00512 + 0049 0042 0021
40 0078 0076 0042 .+ 00%S . 0052 .00%51 \ ,C0a9 .COA2 0021
50 .0998 0076 0062 » 00895 . 0052 «0Q51 ~ 40049 .C042 .0021
&0 .0Cc98 0076 .0062 . 0083 <0032 _ +Q051 \“ , 0049 0042 Q021
70 .0C%8 +0076 +0062 , 0083 .0052 .0031 \ . 0049 , 0042 0021
8¢ .0Cc98 .0076 <0042 . Q0SS »0032 .0051 i 0049 . 0042 0021
90 .0%98 0074 .0062 .00%Y Q052 0081 ' Q049 . 0042 0021
100 .CCP8 0074 «0062 « 0085 L0082 .Q0%1 . 0049 . 0042 0021
110 o098 0074 0062 . 0035 0052 ™ L0052 + 0049 . 0042 .0021
120 . Q898 0074 .00862 _  .00SS .cCco2 .005% . 0049 0042 0021
130 » Q%98 0076 L0862 . 0088 ., 0052 Q051 \ .0049 L0042 .002%
140 . 0C%8 0076 . 00462 .0033 €052 0051 ' ,0049 . 0042 .0021
150 » 0098 0074 0062 . 0055 .Q0%52 0051 0049 0042 0021
140 . 0098 +0076 « 0062 . 0055 0052 « 0051 <0049 L0042 .0021
170 .0098 0076 0062 «00%% . 0022 .0051 0049 » 0042 00273
. 180 . 0098 .0078 _ «0062 . 0053 .00%2 0051 .0049 . 0042 0021
190 . 0098 0076 +0042 .008% 0052 «0081 0049 . 0042 .0021
200 +« 0098 0076 +0062 . 0035 <0052 .0031 0049 » 0042 .0021
210 +0098 0076 .00462 .0053 T L0082 +0051 0049 . 0042 0021
220 .0098 ©.0076 + 0062 + 0053 0052 0051 . 0049 0042 . 0021
230 .0398 0074 <0062 0055 .C0Z2 .00351 ! 0049 » 0042 0021
240 .0098 0074 . 0042 0053 L0052 .C0S1 .00A9 »'0042 0021
2%0 .00%8 .0076 JBOSD 0023 »COS2 0031 « 0049 « 0042 0021
2560 0298 0074 100482 L0085 0092 .0051 0049 , 0042 0021
270 <0098 0074 100462 . 0055 »00%2 .0051 0049 L0042 L0021
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