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The thmai environment in -*urne is mon mongly aff8cted by solar radiation, 

temperatura stratifiaion and stack efkd than in most interior spaces. 

Predidion ot temperature stratification and eiiffows in atntums is importent et the 

initiaî stage of design. It hem in designiq to r e d m  enerOy consumption and in 

adOpang iipprOpnate rneasures to provide comfort conditions. In this study. 

cornputer modeling of th. themial behavior of atrium spam was canied out 

using an exMing energy simulation program called ESP-r (Environmental 

Systems P erfomanca-research) version 9.0. Predicted temperatures and 

airRomr were compared mth measund deta in order to delemine the capacity of 

ESP-r to mode1 the thonal environment in atrium spaces. The terults show a 

reasonable agreement between predicted a d  measured data. 
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CHAFrER 1 

INTRODUCTION 

Energy use per capita in Canada is quite high CO- with other devdoped 

countries [Il. It is widely acœpted that the greenhouse Mect is caused by 

extensive use of nonrenewabk energy. For instance, Canada has edopted a 

National Action Plan for Climate Change. Seventeen percent of the ekctricity 

producad in Canada is generatrd by combustion d c d ,  while in Alberta it is 

dramatically higher (89 percent) 121. It is aucial to design buildings that are kss 

dependent on nonrenewabk energy, because heaîing, ventilation and air- 

condiüoning (HVAC) systmns and -ficial illumination in Wldings account for 

about 25 to 30 percent of national energy use in the USA and Canada p.41. 

Therefore, it is essential to r e d m  energy use in buildings. It is very important to 

have an unders&nding d the themial behavior of buiidings to prwide the 

required comfoct condiins and to impmve the energy p.rfom,anœ of the built 

environment. As electricai utilnies charge for perk demend as well as for enefgy 
consumption, c o n s ~ o n  should be given to reducing peak dectric energy 

demand as well as deaeasing snergy conwrmplion. 

Atrium buildings offer grec# potenüal for energy conservation by providing 

passive cooling in ournmer and passive heaüng in winter. The luge volume of 

air in atriums can also be exploited to reduœ nonrenewaMe en- use. 



Recognition of the signCource of the enrrgy-consenring potenasl of atriums has 

b e n  increasing in reoent years. nie lntsmetionai Energy Agency (IEA) Energy 

Conservation in Buikliqp and Canmunity Systems (ES)  program recognized 

the n d  for guidance in the design of large spaces in buildings and leurched e 

project colled Energy-Efficient Ventilation of Large Endowres (IEA Solar 

Heating end Cooling Task XI and IEA Annex 26) [5.6]. 

The predicüon of ternperaaire disaibution end airllow patterns in atriums is vwy 

important in order to design -um buildings to effectively control indoor dimate 

[7,8]. This will not only reduœ energy consmption. but will ullimately help in 

adopting appropriate design meewres for maintaining amfort conditions. There 

are bsically Iwo approaches to the detemination of temperature stratification 

and airflow - expdrnental anâ analyücai. ExpwimeW approaches are 

expensive and timsconsuning. Computer simulation, if suitable Wols are 
available, cai# be very expedient for the building designer. 

Uneven temperature d i i ~ t b i w .  rapid changes in temperaîure, and airfîows 
strongly affectai by ôuoyency maka it ditficult to preact the themial behavior d 

atriums. 

Some rewarchers used CornputiiShaî fluid Dynamic (CF 0) numerid methods 

to mode1 temperature stratification and air flow in atrium buildings. induding 

Togari et al.. Kato et al., uid Schild et al. [8,B,l O]. The accur8cy of solution and 
speed am hiihly dependent on the nnrber of grid elements [Il]. As -ums are 

very large, reasonrbly accurate solutions requin long computaîion times. 

Simulation of atrium buildings with multi-zone modeling and M o w  has not been 

extenMvely repocted in the literature, insofar as could detmined through a 



review. Arnong existing energy simuletion pmgnms, FRES is the mly mu&-zone 

program that aceounts for temperriure stmtifica!ion pl. Modding d thermal and 

airffow condiins in aîriums was the ruôject of mis thesis. 

The courtyard has been ussd successfully for thmnds of years to bring freeh 

outdoor air and daylight into buildings. During the andent Roman period, aie 

word atrium war used for an op«r courtyard m i n  a buiiding. The ûevdopmem 
of strong glass made it possible to cover coumards end stll enjoy many 

advantagai of open couwards (i.e., daylighting and a visw to outdoam) [12,13]. 

The atrium perfonns as a buffer mw t)BtWeen indoor and outdoor envkonments. 

The dictionay meanhg of the term atrium is a) a rectangularghrped open 

courtyard smounded by a buiiding and b) a multi-stoiied courtyud in a modem 

building, uwally with a skyliiht. There has ôeen confusion rqadng this 

terrninology for m e  lime. However, th. reœnt commonly rccepted meaning for 

the temi -um refen to a coverd, CBnfiOidal, interior spece with skyligh 

andloi one or more gked  facades around which a buiiding is org8nized 1121. 

The glazed interior spaces aIrt an be fouid in train stations and greenhouses 

mnot  be considerd 8triums, because the famr are not endoced. whHe aie 

latter are not atfeched to a building. To be amsiderd an atrium, a space should 

fulfill at least three condiions. Firot of dl, it should k attached to a building. lt 

need not be in the geometric centor as long as a large number of spaces relate 

to it. Second, the space must ba covered for protection from the weether. Third, 



it mu& al60 have some sort of provision for daylighthg (Le., a skylight, W o r  

ono or more olazed famûes). 

Atrium buildings wu# be of unlimited shapes and configurations. Accordng to 

HastÏngs [5) there are five basic îypm of atriums bawd on configuraüon (see 
Figure 1.1). 

1, -8 

2. integrated 

3. linear 

4. attached, and 

5. envdope 

An otkr  ddficat'm stated by Yorhino et el. [14] L as follm (see Fiure 1.2): 

1. tower type wiai high ailing, 

2. large volume with wide fbor uee, 

3. smail volume mth low ceiiÏng, and 

4. greenhouse type with extensive glazed erea. 



large volume with wide floor area 

srnail vdume with low ceiling green house type with extomive glazed area 

They ako categorized aaium buildings ôaseû on spatid connectionr to aâjacent 

buildings, which are as fdl0~6 (sac Figure 1 .a): 

1 totaliyseparated, 

2. open t o ~ o n f y r R o a r ,  

3. a p e n t o ~ o n r . a n d  

4. totally open. 



totaliy separated open to only lwer floon 

open to corridors totally open 

Th@ m a  imparturt geometriGPl parameten of atrium specss are the 
relationships between kngth, width, and height. ThweWe, it might be beneficial 

to qusnsity thme geometricd psrameten in a single nmkr. Bednar [12] uwd 

section Psped ntk and plan aspect ratio, while Baker et al. [15] used wel index, 

room index, and aspct ratio in order to chuacterize the geomuûy of a!fiums. 
These are defined as folbws: 

1. Sectional ropea ratio (SAR) - H e i g W i ,  

2. Plan aspect ration (PAR) - W i n g t h  

3. Well index (WI) - Height (Width + Length) 1 (2 Length Width) 



4. Room index (RI) = (Length Width ) l Height (Lem + Wda) 

5. &pect ratio (AR) - Length ~idth/~eighf? 

1. linear. if PAR < 0.4. 

2. rectangular, if 0.4 <PAR 4.9, and 

3. square, if 0.9 < PAR = 1, 

and, 

1. shallow if SAR c 1. and 

2. tell H o r  if SAR > 2, 

The AR is used to compare abiums with daylight admitüng areas of the same 

site. but different heights. 

1.2.3 Basic mrom for lncorpontkn od atrkm, In bulldlng 

8asic nasons for incorpontion of atrium in building am as foI(Ows: 

1. An c i i ch i î~ml  mk: This has ben one of the most dominant fadors 

from the incep(ion of modem atrium hiidinos. The strium is rsed by architects 
and plannem as a vematiltile urbui design dement [16.17]. ît allows the use of 
camplex and unuswl sites and p m b  eficient M use. Saxon gave a good 

exampk of the abil i  of atrium to hanâîe the odd sites created by radial 

avenues (Pennsylvania Avenue) aorcing gridded str88t6 (Fourth Saeet) (me 
Fiure 1.4). Furthemore, Professor Sir Lmlie Martin a d  Lionel March in their 

book - 'Land Use and Built Forma pmved that the same &or pree could be 



deliverd in relatively low buildings by atranging tkm around the perimeter of a 

site usnig a Fresnd square as sham in figure 1 S. 

-un 1 5  Illu-kn ol r(llcbM bnd U- (.drptrd [la) 



The Fresnel square b a sqwro diiided into concemc rings of deaeasîng w#th, 

but of equd area. Fumnnon. the area of each ring quais the a r a  of square 

2. Pmvb  ai autôœr ubw: Mm8 with ghted facades provide a view to 

outdoors, while hndsapd atrium -out glazed facades provide a 

sense of awinecüon to the outside wor#..Abiums with plants and w-r 

fails a d  foumrins are very papular in hoteîs. Studies have shown thet 

met people prefer workplaaw with views compend to worlp,Iaces 

without wiMomr [18]. 

4. bmpy cmamtbn: Atrium offer great potential for eneigy 

consw* through dayligMing. passive heating and passive coding. 



1.3 Hypotnerkdthenmroh 

The hypothesis of th& invesügaüon was th& the amputer simulation pmgm 

called Espi (EnvironmerMd System Performance-mearch) version 9.0 can be 

used to model temperalwo straHRcaüon in atrium buildings with acceptable 

accuracy i.8. enor will be less than f 2*C behnreen pieûicted and measurecl 

temperatureS. This is equal to about 10 percent of the temperature at comfort 

conditions- 

If the error in prediction $ within en acceptable range. ESP-r may be a suitable 

tool for design of aîrium buiktings. 

The themial cornfort zone ranges from 20 O C  to 26 O C .  In tenns of human 

cornfort, it irr very important that the acairacy of ESP-r should be suffiCient that 

the predicted temperabires fall inside the range of comfort conditions. Where 

etnums are use es ttamienC spaces. the comfoct nnge migM be retaxed a bit 

The objective of aiis investigation wos to mode1 the dynamic thmal behavior of 

aûiums inoluding temperature aratitication. 

1. sdedion of data from published experirnental rmearch on atriums, 

2. cornputer simulation of temperatwe distributions, Pnd 

3. cornparison of the dculated and measutad resub. 



The reineinder of this W s  is dkided into four d ï n c t  chaptem. Chapter 2 

conteins the Iitermire review and discussion of major Wes.  Chmer 3 pre6ents 

the methoddogy and prOCBducm adoptai in !hie rewsrch. tt ako de6cfibee the 

test sites end emfgy simulation ccnnputei program ESP-r vWm 9.0. Chapter 4 

disaaures the data anatysis and iesub. while Chapter S the 



The architedurai role of atrium spaces has been a major driving force for 

incoiporating ütm into buildings, while the 1- priority has been given to their 

energy consienration potenthal [12,13.16]. As a result, rnost etnurn buildings are 

not as energy efficient as they could be. Many are energy gunles. For amenity 

and convenience, $la& ueas have been inaeased. Buildings were oriented to 

capture view without consideration of energy implications. Furtheme, m a  

atrium spaces are fully conatkned so thet they can ba ured al1 year. In such 

ceses. the energy use can be qub high. Aftw the energy crisis in 197ûs. people 

becarne mon conScjou6 of energy cxmmvralion anâ envkonm8ntal issues. 

Atrium buildings gained a bad reptation and were labled as %nergy wastemn. 

Many researcheis argue that incorporation of atriums in buildings could imprwe 

the energy efficiency of buildings [5,î2.19,21,22]. The specific energy use 

(~hld) L useô to ovolurto tlw energy etfiaency of buiîdirgs. The basis for 

cornparison of peifomianœ is dbcussed later (see 2.2.1). Furtheme, if 

designed propedy. atrium buildings could not only be architecturally attractive 

and energy canse~ng, but ab0 be kiilt wiü~ a lower initiai cost [Iq. The basic 

rule, according to oiese auaiors is that atriums should be incorporated into 



buildings as an energy consenring sûategy, not oniy for amenity. There are 

many examples ot boai energy intensive and energy conrrniing atrium ôuildings 

[5,19,2O,Z?]. Although aûi~ms provide opportunith for energy consenraîjon, 

they ais0 po6e meny chailenges 1121. On the one hand. atriums provide 

hand. they preeent difficulties in t e m  of glare control, werheating, problerns 

with indoor air quelity, tire and srnoks cmtrd. condmmüon on surfaces, 

housekseping, end acousth. This literature review will focus maînly on thmal 

behavior and energy petformance d atrium buildings. it did not reveal any 

articles on thmai behavior and the energy perlormanœ d atrium buildings in 

Canada- 

The major bues arising nmadays regarding aie thermal behavior and energy 

performance of Obsum buildings are as follows: 

1. energy use, 
2. temperature sfratification and sîack effect, 

3. heat tramfer through envdapes, and 
4. Wace cond'ioning. 

Another issue L the tnrmiügaüon of atrium perfmance. Although expenrnentel 

methods could be employed, they are lime-consurning or well as expensive. 

Furthemore, expwimentel nwthods are more appropriate for investigation of 

thermal behavior of existing atrium buildings and are not goneraily suitable as 



design t&. Cornputer modeling WOU# be more convenient at the design stage. 

if sufficiently acanate 

Previous investigations of the energy performance of atrium kriidings have been 

canied out using both field measuremenls and cornputer simulation. 

Two case studies suggest thet atriums can contribute to imprwed energy 

etficiency in cold dimates. 

The case shidy for dimatic conditions dosest to those in Canada was reported 

by HejaziSIashemi. The Puthor conducted an exparimentel cese shrdy of a 

three-aory office buiiding with bivo atriums (PIQroup Headquartecs) in Vantaa. 

Finland located at 600 norai Irtihrde. The mean annual tempenbne in Vantep is 

5.5 O C  compared with 5.5 OC in Otiawa. 6.5 OC in MOnbeal, 8.3 O C  in Toronto. 

and 3.9 O C  in Calgary. The r e w b  shawed thrt the specific annual energy 

consumption of this building (282 m m 2 )  il quite a bit b e r  than !bat of typical 

Fimish office buildings (360 kWhlm2) and is amiparable to low energy buildings 

(21 0-280 kWh/m2) in Finland [23,24,25]. The specific m u a l  enwgy use of this 

buiuing is riko comparable to the specific mwgy use (about 320 IcWtVm*) that 

would be useâ by a building meefjng ASHRAE Standard 90 [26]. The annual 

energy saving of the atrium option is 16 percent (564 MWh) canpcind with a 

reference design without an strium. Furaiemore, oie author daim& that aie 



mst of the building was only FIM 3400/m2 (US $800/m2). which is dmost 10 

percent les$ than the co6t of t~@caJ oflSœ buildings in Finland i.e., FIM 3700/m2 

(US S87wrn2). The oost swing wes mainly from roducüone in the following: 

1- construction materials of the intermediate envdopes, due to reduced 

inwlation and singfe-glazed wndows. 

2. floor area and volume of the office spaœs by placing the supply and return 

du- in the atriums. 

Additional cost savings were achieved by using hollow conaete slabs for 

duding. 

The energy performance of another atrium building (ELA-atrium) at the 

Nomegian InstiMe of Technology, Trondheim, Norway, Iocateâ at 6 4 O  nom 

latitude, warr monbred for 18 months [27,28,29]. The mean annual temperature 

in Trondheim is 4.9 O C .  An invmgab0on of the impact of the ebium on energy 

use showed that the measured specific annuai energy consumption of this 

atrium krilâing was #Jy 127 kWhlm2 comparod with 270 kWh/m2 for other 

Norwegian university buildings. The speQfi annual energy use of mis building h 

comparable to the standad set by the C 2000 programme (the Aûvanœd 

Building Technolagy DemonSaation Program of Nationil R850urces Canada) 

(about 160 kVU~rn2). The C 2000 programme aims to double the eîficiency of 

buildings meeting the prec«n ASHRAE Standard 90.1 PO]. The authors skro 

daimed that incocpontion of the atrium reduced the annual energy costp and the 

total construction GUS& by 20 anâ 3 percent mpecüvely. 

The dimatic conditions in Trondheim, Nomay am similar to those in Vantaa, 

Finland (the average annual temperature in Trondheim is 4.9 OC, while the 



average m u a l  temperature in Vontea P 5.5 O C ) .  However, the reporta specific 

energy uri. of the Nomegian Inaitute of T8Chnology atrium building is 55 

percent k6s thM that d the PlOroup Headquartefs. One of the cuises of the 

large di ienc86 in energy use rnay k diflerences in miun temperadUres. The 

temperaturas ineide the atrium a! the Nomegien Inratrke of Techndogy (1 5 O C  ) 

wen 2 O C  kwer than aut d the PCGioup Hegdquwtm (17 O C )  in winter. The 

atrium Wace wm not initially intended for regular use but became a study area. 

Thus, the temperature inside the atrium at the Norwegian InaiMe of Technology 

was gradueMy increased to 18 O C  as desireci by ocapants. The other causes 

may be dflerent occupancier and mechanicil system. wail conaiucüons and 

and diierent configurations and orientatibr~s of the atriums. Hawever, the 

reasons for the difhrence were not addreswd by the authors. 

Both case studies were part of aie IEA Project mentioned above, but no 

comparative studies were carried out. Hastings argued that. as energy use by 

HVAC sW8ms is signlicanlfy influenced by building configuration, operating 

hours, temperature set point, equipment etliciency, ud mer factom. 
compeiison of building performance is inappropriate [SI. However, cornparison of 

energy use of buildinos of the same category can be &l to assess aie energy 

efficiency of buildings as wdl as to determine the ways to impwe it. The 

degresdry concept can be used to compare the energy performance d 

buildings in dincnent dimates. Standards for buiiding erorgy etficieny vuy tram 



One d the mocd extensive immt@iüons of energy consenring feahres of mium 

buildings warr canifad out by Landsberg el ai. (221. They conducteci case sbidiea 

of four atrium buiidiirgs with dinerent ocap~cy and atrium configurations in 

different cihates. They olsa myred aie impact of a wide range of design 

strategies on thmal pertomance. They field-monitored the buildings for thme 

years, and modeled them wiw the energy simulation program called DOE-2.16. 

These simulation studies focusrd on two major aspects of the energy 

performance of buildings. The first aspect is th. most efficient design 

strategies for energy efficient atrium design, mile th. second aspect L the 

energy liabililies of oie atrium concept. In order to abtein more reliable resub, 

the modefs were calbrated using meewred energy use data for each case. A 

series of energy optirnitetion runs wem perfonned aftw achieving r888onabIe 

celibration. They condudeci th8t incorporation of selected design stmtegies in 

atrium buildings could dramatidly reduœ the totai energy consumpüon, 

whereas incorporation of atriums into buildings might be energy comuming if 

pooily designeâ. The range of design SBategies simulateci for the atrium 

buildings included envelapo enhanmme~, d~atificaüon, anâ modification d 

of: 

1. 24 percent of warall building energy use in a smdl office atrium building in 

-y. New yoik 
2. 19 and 36 percent in the atrium heciliiiig and amling loads respctively, 

equivalent to 1 percent of overall building energy use in a large office 

atrium building in Washington, D.C., 
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6 percent of overall building ernrgy use in a large hotel building in 

San Antonio, Te-, with reâuclions of 9 and 25 percent in building 

heatÏnglCOO)ing and HVAC suxilky energy use mpecüvdy, and 

6 prœnt of werail kiikâing emrgy uw in a rnuttifamily high-rise abSum 

buiiding in Chicago, Illinois, with reductions of 4 percent and 53 percent in 

building heatinglicooling and HVAC euxiliary energy use respoclively. 

The reduction in overall building energy use could k considerably hiiher, if al1 

potenW design strategies wem incorporated. Fur instance, in the case of the 

small office atrium building in Albany, New York, incorporation d three more 

design stmtqies - namely 6OC (1 O°F) dead band, heaüng night set-baCk/COO)ing 

night set-up, end doribleglabng imtead of triplrglozing could inamse savings 
about 13 perœnt. For aie large oflice atrium bui#ing in Washington. D.C., the 

large hotel -urn bui#ing in San Antonio, Texas, and the multi-family high-rise 

etrium building in Chicago, Illinois, the addiional reductïom could be about 10 

percent, 11 percent, and 2 percent tespedively. In this case, al1 four atrium 

buildings wouîâ be m m  enegy efficient than the same building6 withwt 

ebiums. The aOthOrs analyzed the energy conse~ng patentid of dl aiese 

individual design sttategies. H m e r .  it is surprising that they did not indude 

these ptentiol design strategiee when analyzing overaûl energy use. Moct of 
these strategb were quite simple, such as increcises in dead band, nigM set-up 

and nigM set-back (see nomenddue), changee in orientation, and rductionr in 

glas& area. 

Lendsberg et al. etso Bimulated ail fwr buildings without -ums Pnd foud thet 

remwal d atriums wou# deaease total building erorgy use by only 1 percent 

for the San Antonio. Texas anâ Washington, D.C buiidings. nie reductim for 

the Albany, New York and Chicago, Illinois buildings were 12 percent and 8 



percent rmpcüvely. The primuy reeeonc for the low emrgy impact fw San 

Antonio, Texas end Washington. D.C. were that these buildings have signlicant 

proceos kdr anâ because of the parücular dWgn d Ih. atriums. The reaswi 

for the high e m g y  imprd for Albany. New Yoik wo e duelion of glazed 

weas with an unfaVOQBMe orientation. the simulation showed that al1 four 

existing -urn buildings were nat as energy efficient as t k y  could be without 

atriums. 

These findings suggest thet can m a b  a positive &bution to building 

energy efticiency in a wîôe range of dimates and thet incorporation of atriums in 

buildings does not neamarily lead to intensive energy consumpion. Hmever. 

mis study ako indicates that energy requirements are highly dependent on 

design dedsions. The energy simulation program DO€ 2.1 B used by Landsberg 

et al. is not oppsble of modeling aiMow and raûient energy exchange between 

zones rot temperature stratification, which are the most prominent thmai 

feahres of alriurn buildings. the DO€ prognm werr validateci for predicting 

energy use in conventional buiîdings. If aie energy simulation pmgram used Q 

incapable of modeling the thmal ôehavior of aie atrium buiiding. it is uncertain 

whether the energy use predicted by the program is relhble. The authors used 

severel sbategies for modding stratification, atrium daylight borrowing. atrium 

solar plenum etc., and the models were calibreted udng measured energy use 

data for each osrre. Thus for these case studies the rewlt obtained by simulation 

rnïght not k too far from the aobel one. 



22.1.3 Summyy 

Frm previouir researdi, it .ppeenr that an atrium building cwld be energy 

efficient. if it L only partiaily condined w is fully conditioned and incorporates 

certain design strategies A19.221. HOW~VW, full awditioning of an *urn 

building wil olten be energy intensive [21,28,31]. Neveraiekcs, in such œses 

the vaiues of dditionai work place and amenity vaiue (e.g., the aaium could k 

used for ditferont sodd funcüons. as wdl as recreeüon. for srnail retail shops, 

and circulation) as well as greater marketabiîity and higher remel rates shou# 

not overlooked. These factors might hdp to offset the energy e%penâiires as 
well as the requirement for e larger site. 

Earlier studies improved our understanding of the thmai behavior of -urn 

buildings in &me respects. Hanever, the resuîts of these case otudies varied 

widely. it seems dmr that the energy performance of atrium buildings depends 

upon geographic location and orientation. ratio of atrium size to wacent 
building size, type anâ funclion of the aimai netwe of adjacent spaces, 
adaptation d passive cooling and hedng strategies. envelope c o ~ o n s  
and operation houm. tenipermre se? point and equipment efnciency. However, 

guidance for energy efficient atrium building design is aiII inadequate(21). 

Therefoie, further investigation L required to evaiuate the performance of atrium 

buildings in the Canadian dimate. 

Temperature stratification is a temperature difference ôetween the temperahve 

at any two levels (usualty higheet and iowest) in an endosed -ce. The height 



and solar gain through glazing of mst atriums cmübutes to more extreme 

temperabne stratification compered to typicai commerdrl and institutional 

spaces, which will affect environmental contrd requiremeng. 

The diflerence in de- between cdd a d  hot air amtes a vertical pressure 

differenœ and resub in air mov#nent from the bottom to the top (known as 
stack effect) mded there are opnings pl the battom and the top. Outdoor 

dimate influences stack effect in buiidings. It is more pronounced in cdd 

dimates. because of greater temperaîure differences between indoors and 

outdoamp2]. 

One atrium of the PI Group building $ 13 m high. with one entrance from the 

outside Md one hwn the office corridors. Rie othei atrium is 9 m high. with no 

entrances from o ~ i â e .  kit àvo envances W o m  offiœ omid0~6 [23,24,25]. 

Hejazi-Hashemi reporteâ oipl the maximum temperature stratification between 3 

m and 13 m in the atriums of the PI Qroup building reached 10 OC wiai ouMoor 
temperatures ranging fmm 15 OC to 30 OC in summer, when the air circulating 

un& were otopped and the endosed spa- of the atriums were neturaily 

ventilated as shom in Figure 2.1. Howevef, during winter. w k n  the air 

circulating units were ~nning, the aiemial stratification w8s only 2 O C  as shom 

in Figure 2.2). The target temperature for both abium was 17 O C .  



With vents open at the top and bottom kvds of the ahiums, naairai ventil~Lion 

diiven by stack effect caused 5.5 air changes per hour (ACH) compared with 

only 0.7 ACH with vents open only at the top levd in summer (see Figure 2.3). 

However. the sizob of openings were nat provided. The outhors elso failed to 



report the temperatures in the space, at diierent heigha when snflow 

measurements were cenid out nor did they mention when they carrieci out 

airfiow rneasurmenbs and whether 5.5 ACH was Pdequate to maintein cornfort 

conditions in the atn'ums. 

Figure 2 5  Ali cîmnge mtes In a naimYy wntllibd aMum 

Temperature measurements wem carried out in the ELA-atrium building at aie 

Norwegian Institut0 d Technology in order to quentify the temperature 

stratification and the potential of natutal ventilation [27,28,29]. The atiium was 
17 m high. The rneasuremenîs were -ed out on July 18, 1988 mth roof 

hathes do6ed. The temperature stratification was 16 OC. The 

ternperahn. ranged from 24 O C  to 30 O C  rt 1.7 m and 24 OC to 44 O C  8t 13 m 

above floor levd. the autbe8 also meawred ventilation rates whh a stepdown 

tracer gas method and mking fans and foud that air change rates ranged from 

0.45 to 0.50 ACH Md 3 to 4 ACH when hatches were dosed and open 

respecüveîy. Hawewr, the authois a&o mentioned thet the rmub oûtaiiwd for 

air change rates might be inaccurate because of inadequste oipacity of the 

mùing fans used during testing. Udortunately the sires of openings were not 

mentioned. 



One of the mmt exbmive hvestigBtions of t~lllp~rakrre stratification and natural 

ventilrilion driven by stack effect in buildings was conducted ad a hospitel 

nwnpiex (Ata) with in Oroningen. the Netkrlands p.341. An 

investigation wes oenied out for the second of the nine atriums to be dded. ît 

was 20 m high (se0 Figure 2.4) and 10 percent of the roof warr openable for 

ventilation. During 1987 and 1989, severai measuremenîs were cauried out to 

characterite the performance of the atrium in different seasons (i.e.. spring, 

warm sumrner. hot wmmer end winter). During spring end surnmer, naturel 

ventilation driven by thermal buoyancy ranged from 4 ACH to 6 ACH. which was 

satisfactory for maintaMg amfort condiino. The ocarpied zones in oie atrium 

are aie main floor, and balconies on the first. second. and third leveis. The 

baioony on the thid level is 12 m above the ground floor. 





During a wemi wmmer day (June 12. 1989), when roof vents were opened, the 

maximum temperabire stratification in the atrium reached about 4 O C  (26 OC at 3 

m and 30 O C  et 19 m f r m  (kar Iwd) (am Figure 2.6). 

The diumai 0-1 temperature mg8d from 14 O C  to 24 O C .  The temperature in 

aieabium rangedfran 23 OCto 26OCet3 msnd 21 0Cb3û°Cat l9mabave 

floor level. Tk conditions in cwme occupied zones (the baîcony at the third 

level) were dightfy oubde comtoft conditions frm 1700 to 1900. As the 

maximum temperature at that zone reached 27 O C  to 28 OC for only 2 hours, 

such conditkns were acceptable for occupants. Thus no cornplaints were 

received. Balconies at lower levels were wïthin cornfort conditions. 



During a hot wmmer day (July 7, 1989). whrn roof vents were apened, the 

maximum tmper8tufe stratification in the mkim reached about 4 OC (29 OC at 3 

m and 33 OC at 19 m from fbor levd) (see figure 2.7). nie d i u d  outdoor 

temperature ranged hwn 18 OC to 31 OC. The tempenhire in aie atrium ranged 

tram 23 O C  to 29 O C  a t 3  m and 23 O C  to 33 O C  at 19 m abovefloor level. The 

conditions in m e  ooarpied zones (balcmies on fimt, second. and third levels) 

frm 1 100 to 21 00 were hotter than comfoft conditions. 

The maximum temperature reached in occupied zones was around 30 OC at 12m 

abwe ground level. However, the author mentidned that no compiaints were 

received. The ocacpied zones at the mein leveis were within cornfort conditions. 

During another nwmi summer day (August 20, 1989). when roof openings were 

dosed. the maximum temperature rtiafifîcaüon in the atrium reached about 10 



28 

C (29 OC at 3 m and 39 O C  at 19 m from floar level). The diu- outdoor 

temperature dirence rartged h m  17 O C  to 30 O C .  The temperature in aie 

rwedfrom 24°Cto290Cat3m and 24OC to3a°Cat 19 m aboveloor 

lwel. (ma Fiiure 2.8) fh. condhhs in tb occupied z#ws (balconies at al1 

levels) from 1 100 to 21 a0 wwe hotter than cornfort conditions. Cornplaints were 

receiveâ very quickly during thrt period. The temperature in the atrium space 

dropped qui* after the mf vents were oprned. 

The manimum temperature stntiticaüon in the atrium was 5 OC, 4 OC, 4 OC, and 

1QC in May, June, July, end Aug* while the outdoor diumel tempet8ture 

fI~ctuatedhwn8~Cto11 oCIliom140Cto240C,from 18°Cto300C,andlrom 

17 OC to 30 OC. respeaivdy. The roof vents wem opened in June and July. 

while, in May and August, roof vents were dosed. This rewlted in higher 

temperature stratification in May and August. 



The author also meci out computer simulation of thmai environment end 

ventilation of ths rliium spaœ. The ROOM pmgram devdopod by ARUP 

Reeearch and Deveîopment, London, England. wtm useâ to modd the thmal 

behavior of the -um spaco. Th, V E M  program wss uwd to modd air flow 

between the mium end adjacent spram. Tho ROOM pmgram accounts for 

temperature stratification and kioyancy dmen air flow as well as Mect of 

humidity. The VENT program is capable of modeling naturai ventilation anâ 

pattern d air movement within a building. The author daimed Mat the 

temperatures pmdicted by the RûûM pmgram correlated very well with the 

measund data. The median temperature differenam behnreen simulated and 

meacured temperatures were 2.3 O C  and 0.3 OC in June and July reqwctivdy, 

while maximum absolute temperature dDArerences were .bout 5 O C  in bath cases, 

which seem high. The temperature measurements were wrkd out at five 

different heights for 4 days in different seasom. HOW~VW, cornparhm of 

simulated data with measurod data were presented only for the temperature at 

one level(3 m above ground) for Junel2 and July 8. Furtheme, Simrnorids did 

not indiate whether the emn at mer leveis and for other perkds were similar. 

Nate that ground level temperatures exhibit the least variation. 

On August 20 with vents dcsed, the temperature at 3 rn abow fioot level rose to 

29 O C  wilh the outside air at 31 OC. 



Another study conducfed by Jones and Luther of hivo atrium buildings at the 

University of Michigan found that temperature dlatificaîion reached 15 O C in the 

Eleciiicai E n g i ~ e r i i  Md Computing science (EECS) building on July 8, 

1989. mile the HVAC systm was off [95,36] (see Figure 2-11). The 8îrium in 

the €€CS building wrr  23.5 high and there were bridges on each floor to 

conned t h  two sich of bui#ing (see Figure 2.9). 

The temperahire ranged fram 22.5 OC to 23.9 O C  at 3m and 23 O C  to 4û OC st 

21.3 m above floor level. The conditions in the Wum at the main level, and the 



bridges at the second and third feveis were within comfoit conditions. Tho 

bridge et the fourth leval (maximum tenperalwe of 28 O C )  was dom to canfort 

cond'ioiw. while the bridge at the f~ (top) k v d  (maximum temperabrn of W0C 

was @O hot The authors rrported only ouMoor tempecstures for Merch 1 1. Prof. 

Dennis Baker at the Depamimn of Atmaspheric Wencecr at the University of 

M i c h i i  provided edditional wmhw data for Muoh 10 - 1 1 and July 7 - 8, 

including temperaîure, odar radiation (direct namal, global, end ditluse), 
relative hmidity, wind spmd and wind directions. 

The overail vertical tempenture stmtification paaem in the EECS atrium building 

in winter (Mardi 1 1,1989) was same as in summer (See Figure 2.10). 



However. indoor temperatures as wdl as temQerahrre stratification were much 

loww in winter. The temperature stratification wer only about S OC, and the 

ternperaWres at 3 m and 21.3 m rmged h m  about 21 O C  to 23 OC anâ 21 O C  to 

28 OC. whik mechanical ventilation was tumed off in the atrium. 

On July 8, teinp.rabires et 3 m above grwnd levd remained around 23 O C  

during day rnd nigM wm though the U o o r  air rose ?O 28 O C  compareci with 

the August 20 ground k v d  temperaaife at the Ata which rose to 29 O C  

under s imi t  tondions. This suggests that tk atrium was being cookd by 

adjacent spaces. eitki through air leakege, conducaVe heat transfw, or both. 

The ventilation systems for the adjacent buiiâings were operathg during 

rneasuremem, because t b y  wem ocaipied. ûnly the ventilation system for the 

atrium space was tumed otf. Because spaces ara nomally pressurized by the 



HVAC cystems, thit could produce an imbdance of air pressure between the 

The authors ais0 derived empirical quaions that reprebent the thonnal 

conditions inside the aai*ums. The equaüons showed that the most significant 

variables affedng aratificaüon are outdaor air temperature, Sun position, and 

global radiation, mile wind speed is îess s i g n i f ' i  compued mth the other 

variables. The temperature stratification increases as ouMoor air temperature, 

heigM and solar radiation increase. However, for similar outdoor conditions, it is 

greater in the atriums wiai higher W. The coefficients used in the equations 

were empirically detmined for these particular atriums, so the equationr a n  

not be utilized for ather atriums. Further audies covering a broed range of atrium 

buildings in different dimatic conditions WOU# be required to determino the 

coefficients that could be used for a broad range of atrium buildings. 

In a recent study, Kato et al. anaîyzed the temperature and airftow patterns in a 

partialiy condhioned, 130 m high atrium in Japan, with computational fluid 

dynamics (CFD) and rediaon simulath [9]. As there are no partitions benneen 

the occupied spaces and the -ces at any kvd, air fkmr between them. 

This is an ega-west linear atrium with office areas on boat sides and floors 

connecteâ by bridges. the atiium was partiaJly condiüoned. whereas the office 

spaces were fulîy conditioned. The aulhors found that tempefaim stratification 

reacheâ 8 OC (25 O C  at kvvsst level, 33 O C  at highest levd) and 4 OC (26 OC at 

l m  level, 30 O C  et highast kvel) without and with mechanid exhaust from 

the roof level reepectively during summer. The authon reported that the impact 



of roof top ventilation on temperature di iuüon in the eti0um was noüced only 

above 105 m. However, they did not menlion the rmsom. FuRh.m~ne, the 

Research has sham that temperaûm stratification in atriums due to thmal 

buoyancy may be quite high. It ha$ akodmm o\et the temperatures et upper 

levels are more dynamic, mi le at Iower levels the tempera!ures are more 

uniforni over time. Tempenhire stratification is a hnction of height, sectional 

aspect ratio. end outûoor temperature as well as solar radiation. there were no 

pamebic shidies that detemrined the generai sgiificance of each of these 

variables in temis of temperature stratification in atriums. atthough Jones and 

Luther did some parameMc studies for two aûiums. 

Thetse studies showed that temperature stratification may play a positive role in 

the meadion of cornfort conditions during mild weather. if cooler air is required 

only in the Iwer psrt of the atrium Le.. the Iloor levd is the only ocaipied area. 

Hawever, t k r e  are some limitations in using natutai ventilation suct~ as 

accepteMe quality of outâoor air and ouldoor noise levds. Passive v6nülaOion 

rnay also aeae pmbkms in Wrms of thmaî cornfort, if thare are ocaipied 

zones at upper levek Furthemore, in the case of single volume muiti-story 

atriums and atriums with multiple ocarpied Ievek, tempera5ure stratification may 

also inatmse cooling lmâs in adjacent spaces at the top due to higher 

temperature gradients and higher U-values of intemeôii envelopes. 

Temperature stratification rnay play a negaün role in winter during occupied 

periods. with wenner J r  odleoang at the top and coder air at the bottm. On the 



one had ,  cdd air et the botlom contributes to uncornfortable cond'tti~. and on 

aie osier hand, becauw of grnater temperature gradients, hot air at the top 

inmeases hert bss through tk roof. Therefore. during winter, it b advirable to 

recirculate the hot air cdlected at the top to aie battom wiih the help of fans. 

The proportion of exterior glazed enwlope to intermediate enwlopes of atrium 

Spa- depends upon the configuration and type of atriums. 

Typically, a high proportion of the exterior envolopes of atrium h glazed and 

the heigM is considerable compard to conwntionil buiît spaces. Therefore, it is 

difficult to meet aiteria for U-values of exterior walls end roof spcified 

(recommonded) by ASHRAE Standard 90.1. Thus overall hest lass and gain will 

be higher in -ums compared mth conventMnal building envelopes. The 

magnitude and direclion of the wnductivefconvndive heat tiansfer Wough 

glamd areas are highly dependent upon the temperature and pressure gradient 

(due to $ta& effect and wind) betueen indoon and outdoors. Apart fmm 

conductive/~BCfiVe bat transfer, extensive glazed areas will al60 aWow large 

amaunts of radiative heat ttansfer. 

Qlazed materials muaMy have higher U-values thsn nonglued wdl 

constnictionc. Therefore, kcause of extemiva glazed amer, etiium spiceri are 

affected more by ou!ôoor dimate Eondiüons i-a, exbemely high temperskiras 

during the day and rapid heat loes during the ni- and may have severai 

pruôiems wch as 0ver-he.bng in wmmet and mi# MW, a d  coiâ drafb and 

condemafion on glass in winter. 



As a rule, intemedi8te walk of atriums also have hîgher U-valm compered 

with conventional exterior mlk, ôecause intermediate w a k  ri, constructed 

with reduœd imulstion or no inwlation at 911. Furaiemore. intermediate walls 

may be conanicted without air banienr end with single-glazed openable 

windows. Howevor, beause of kwer temperature gradients baween atrium 

spaces anci adjacent spaces, hePt tnnsfer through intermediate envelopes will 

still be l a  thon through exterior envelopes, provïâed atrium spaces are used as 

buffer zones. Mareover, W m s  allow an imease in the surface of g k e d  areas 

on intermediate envdopm to compensate for the reduceâ daylight availabilii in 

adjacent spaces because of the glazed roof and reduced sky expogure. 

A glazed roof (skylight) is also a significantiy different feahire of atrium buildings. 

because of the extensive areas exposd to direct solar radiation. A large glazed 

roof will admit sdar radiation durhg the day and alkw radiaüve heat loas 

during the night. On the one h m ,  solar radiation in winter w i Y  help to reduce 

heating loads and. on the other hand. it will inaease coding loads in wmmer. 

Radiation heat loss at night may be utilized as a cooling strategy in wmmer, 

whereas it wiW inaease heating loads in winter [12]. the sdar incident angle is 
high in summer and lm in winter. The intenuty of solar transmission received at 

a surface is a function of Ihe angle of inciâence. Sdar transmission wil be a 

maximum, when the angle of incidence h W. Therefore. when designing the 

roofs of atrÏums, the d e r  angle and the orientetion shouiâ be considerd in 

order to take best kffantage of solar radiation i.8.. designed to capture lere 

solai radiation in wmmer and more sdar radiation in winter. The latter could be 

done by dedgning the dope and orientation of roofs ruch thet the glazed 

surface ir dose W 900 with tk d e r  incident angle. The skylight can be sheped 



and oriented to exdude or admit direct sunlight [16]. Furtheimore, steeper rods 

minimize the cdleclian of onw, th- al lowi  a lightef roof construction. 

Whether the atrium loses or gains hmt tdhom adjacent spaœs depends upon 

the temperature gradient between them. 

Previous studies have shown that etri*um spaces are aflected more by outâoor 

climate condiions than 0 t h  types of spaces, becam of large glazed surfaces 

having high U-vaiues. Attached and envelope atriums are more sensitive to 

outdoor conditions than core and integrated atriums of the same size for similar 

conditions. 

As atrium spaces act as butkr zones, heat loes and gain lrom adjacent spaces 

to -ums through intermediate envekpes can bs less in winter urd surnmer 

rebpecovely. Therefore, intermediate envelopes can have higher U-values than 

exterior envelopes without excessive energy loss Md gain compareci to 

buiuings without atriums. 

fhe outdoor dimate is a major factor thaS suggests the appropriate thermal 

strategy foi atrium buildings. fdlowed by the îhennal nahre of the building i.e., 

whether it is heat defioit or heat suiplus. Accorâing to Suon, basd on the 



thmai strategy, there are basically three types of aîrium buiidings (161, which 

are as fdlows: 

1. wming  

2. coolingabSums.and 

3. convertible atriums 

Warming atriums will be designecl to maximize the capture of solar radiation 

through a low SAR, which wil help to maintain higher temperatures oompared 

with outdoors. A oooling atrium wïll be deeigned to adml less solar rediation 

through a high SAR tht hem to create buoyancydriven ventilation. Skylights 

should be conaiucted to exdude direct solar radiation in cooling atriums. 

Convertible PMums should be capable of working as wamiing atriums in wïnter, 

and as cooling in summer. Extemal M i n g  devices that adml low- 

angle sun in winter and exclude high angle Sun in summer hrlp in th$ regard. 

Warrning atriums are suitaôie (or cold dimates with heatdeficit buildings. 

whereas cooling -ums are bea for warmRiot dimates with heat surplus 

buildings. In countries with cold inters and hot summers, convertible atriums 

will be m m  desirable. 

Atriums vary widely in tem of thennai (spaœ) conditiming, ranging fiam 

unconditioned to partially cwlitioned and My condioned [SI. The use ot an 

atrium affects the appnuch to L thermal dimate (we Table 2.1). 



Tabie 2.1 Use of atrium and its themiel requirernent 

The anangement of -ce use in atriums will affect the parts of the space thet 

will need to be mainCai*ned at cornfat c o n d i î .  From this perspecüve, atriums 

can be dassified as follows: 

1. small volume low-rise Wit)i ocwpmy only at main level, 

2. large volume high-rise atriums with occupancy only 8t main lwel, and 
3. large volume mutti-story atriums with occupancy at many leveb (9.g.. 

muîti-level foi circulation in mulügtory office buiidings or mu& 

level atriums for amfation and srnail rem shop in multi-story mula- 

purpose buildings). 



Depending upon the type of atrium (ree above), aie environmental control 
requirements will d i i .  Temperature stratitication will be minimai in the first 

category of -um, while it may be high in the second and oind ahtegories. 

Furthemore, temperature matiticatiion will be a major issue in the meetion of 

thermal cornfort in aie second and third catmes. 

As stated by Schild et al. [IO], the enviromentai control systm in an atrium 

shoufd satisfy the same design aiteria as conventionai buitt space: 

+ satisfactory indoor air quaîity for the occupants, 

+ must be energy-efficient, and 

adquate acousüc, lighting, aesthetic, and fire safty perfomiances. 

One of the mcxst signlicant pmblems regarding the condilioning of atriums is 

their relativeiy large volumes compareci mth traditional cornmerciai and 

institutional spaces. This may lead to hiih energy wnwmpüon, if atriums are 
fully conditioned. Most case sbidies [5,19] show that incorporation of atriums in 

buildings will only contribute to inaessed mergy eficiency if atriums are useô 

as kiffer zones, pr-ing passive heating during kaling se860ns and naturel 

ventilation during cooling sersono. However, the case studies conducted by 

LandDberg et al. showed that full conditioning of atriums can also be energy 

efficient, if effective design strategies are implemented [22]. 

Jones and Luther [36] proposed sme rdutiocis for eMflicient conditioning of 

atrium spaces for both cooling anâ heaüng modes. 



Fia, if the indoor temprrdwe is nut m i n  cornfort conûiions and the 

outdoor air temperature is quite high for maintaining comfort conditions 

without mechanid cooling, the upper zone should k treateâ separately 

hm aie lower zone i.0.. the atrium shouid be treateâ as Wo zones. When 

theimd stratification is highest, roof vents shw# be opened to al lw for 

natwal ventilation. If this is not suffident or possible, hot air at the top 

ievel should be exhausted mai the- help of fans. In the lwer (ocapied) 

zone, cod air siould be supplied lrom the ôottom and reawn air oollected 

at the highest level of the lawer zone. Hamever this contradicts the air 

distribution systein for stratified cooling propos4 by Qorton and Sassi. 

They propoled to supply cool air a kw meters Pbove the floor and cdlect 

return air at floor level. Wann air at aie top of the uncondiüoned upper 

zone would be exheusted with help of fans. According to Goflon Md 

Sasri, in such systern the boundary between îwo thermal zones is 

coincident with the level at which suppty air is intioduced into a space. 

Second, if outâm air tempera!ures are behneen 13 O C  and 22 O C ,  the 

shoutd be treaeb as a single zone end naturally venütiktrd. If 

natural ventillm is not possible for some reeson, free cooling 

(economizer operation) awld be used. Under these conditions, the return 

air dem~erc should be Mly dosed and hot air should k exlwsted lrom 

the roof vents. 

Treatment of atriums as two zonee wi l  be possible if only the lowor zone is 

ocaipied. Homwr, in multi-story atriums with muhipie ocCupied lweis it migM 

not be effective, if the ocaipied zones extend to a coneiderable MigM 



Jones and Luaie? &O suggmted that at least three situations be considered 

during the hWng perhk. 

level in atriums wil be combmble without mechanimi heating. In such 

conditions, the HVAC systm couid be shut off and the -ce temperature 

Second, during dear winter days with moderate outdoor temperaturas, 

the HVAC systm should extract the wam air coltected cd the top of 

abiums and redrculate it to the lower tons to reâuce the energy use. 

Thid, during wercast winîer days and nights, wkn the ah temperature in 

the upper level is less than in aie lower zone, the upper zone and lower 

zone should be conditioned separateiy in order to reduce energy use. The 

upper zone should be amditioned to prwent condensetion on the glass 

surface, while the lower EMIO should b0 conditioned to maintain comfoit 

conditions. 

However, aie fimt end third option work if only the lower level of the -um is 

ocaipied. In the case of multi-story atriums wiai mulaple ocapied kvds, if the 

spaœ temperature is alhd to float, the ternperaîure at the top levd migM be 

uncornfortable when condiiorrs at floor level are within cornfort levels. One of the 

solutions for mrinteining comfort oond'ïon8 in ocaipied zories at higher levels 

might be spot ventilation (conditiming) es discussed by Kato et ai. [9], or 

endosing bridges at higher levelo and conditiming Ihm separately. 

Furthemore. during wercast days, when the air temperature in the upper level 



is less than in the fower zone, both îhe upper snd huer teme migM need 

conditioning. However, during wintw nights, Ihe upper zone and b e r  zone 

could be amâiined just to prevmt ~ O C I  on the gltm surhces. One of 

the better ways to reduce energy cocwumpüon during winter evenin$s and nights 

is to utilize heat exttacted during the day. Instead of e*hUng the hot air at the 

tap to the o ~ o o r s ,  it could k a o r d  in mm sort of themid storage systm 

and useâ when required. 

Yoshino et al. conduded an extensive survey of the trends in the design of 

thermal environmen& in atrium buildings in Japan [14]. They found that most 

atrium -ces were partialîy or fully amdioned, Mile unconâitioned M u n  

-ces were very tare. The conditioning of ocapied zones had been achieved 

by one or more options rnentioned bdaw: 

conditioned air diffused damward from the walls or ceilings of aie lower 

floor, 

floor heating or coding. 

spot contid with stand abne air conditioner, 

air airtain systems for thermal separaüon between atriums and adjacent 

buildings. 

air airtiiins to prevent upward rirflow, 

d i i i n g  warm air on the QI- surfaces, and 

horizontai w h d  glass sbe& to .w# temperature stratification. 

Treatment of hot air in the area under roof was provided through: 

1. naairal ventilation, 

2. mechanical ventilation, or 



ln order to contrd direct solar radiation in mkun spaœs, the fdlwing methods 

were adoptd: 

1. ôîinds inside glazed roof, end 

2. suspension of doths unâer roof. 

If the atrium space is wide, horizontal air curtaim may not be effective. whiie 

installation of horizontil whed glass couid be trou#rsome, because of 

dinialties in imitaMing structures required for support. 

Bender and Milk [12.19] proposed aie me of atriums as supply or return air 

plenums integmted into building HVAC systems for energy conservation. Such a 

strategy is only applicable if atriums are fully conâiioned. However, as noted by 

Hejazi-Hashemi such strategies are restricteâ by Lie safety and srnoke 

management regulations [a]. Use of atriums as supply air plenums wil k more 

energy intensive than as retum air plenum. because it wiY be necessary to 

maintain Ioww atrium temperatures dwing the cooWng season and highr alrhm 

temperatures during the heating season (cornpurd wiîh Macent -ces) in 

order to maintain cornfort conditions in adjacent cprces. which are the m a  

irnportuit in ternir of cornfort condiMons. Use of atriums as supply and mtum air 

plenums is also not dviseble if there are any food outiets in the atriums, or if 

smoking is allowed in ordw to avoiâ spreading of air pdlritnts. Furthemore, the 

thermal loads and requirements in -ums and adjacent builâings can k guite 

different. lt is quite po6sibîe mat passive heating, naturd ventilation or 

conditions in atrium spaces. whereas, the adjacent spaces migM require energy 



input for the conditioning of wpply air (heatingkooiing). Full conditioning of 

atriums will be emgy htfm~hf8 due to the huge vdume of air. HOW~VW. the 

authors âid not mention the solutions to these diiculîîes. 

Most people perceive aîriums as indoor wirmments. not as outâoor or 

intermediate envirmments and therefore domuid high cornfort lwds Le., 

moderation of temperatures during winter and summw. It is often very difficult to 

achieve high thermal camfort and low energy comwnption at the same time. A 

1 O C  decrease in nidoor temperature in winter, will deaease energy consmption 

by 5 percent pl]. If people are aware of suai relationships, it rnight lead thnn to 

accept atriums mth lower temperatures in winter and higher temperahires in 

wmmer (uncondiiond, buffer zone) and wear appropriate dothing while in 

atrium spaces, thus adrieving considerable savings in energy use. 

There are many potmal energy conservation measures foi energy efficient 
atrium buildings. The most impoitem are so fdlaws: 

buffer zones, 

stratified d n g ,  

more efficient operst*~ and dmign of mechanical systems. 

passive h88a9ng, 

optimum orientation and configuration of the atrium building. 

passive cooling, and 

dayîighüng. 



Use of an as a MW spaœ, which is a tramiüon -ce between the 

indoor and outdoor environrnents, could proMe energy savings. Heat tramfer 

through walls is a functh of the temperature gradient between the hnro sides of 

the wdl. Thenfore, the heat tramfer through intermediate walls of spaces facing 

an atrium may be consideraôly reduced compand mth exterior walIs, even with 

the high U-velues of intermediete walls. This cou# be acitieved by rnaintaining 

aie temperature of the atrium sligMfy higher in sumner and Iwer in winter than 

that in the Macent ocapird building and keeping the ratio of exposed surface 

to interior surfaœ at i$ 1-. In a owe type stnum with wbic shape, one 

ex@ $Urfa- shields four interior surfac88 of equal area. The buffering effect 

of atriums is bendiaal whether the occupied spaces are being heated or cooled, 

because it reduces heat gain and heat loss during wmmer and 

respectively. Atn'ums ako protect walls of buildings facing them h m  direct solar 

radiation, rain and infiItra4ion caused by wnid [12]. This can be used for 

conservation of hlstorical buildings. 

In conventionai totai volume coaling systems, aie temperature of air throughout 

an entire spaco will be rnaintaîned dose to aie same levd. In air mixing c001ing 

systm (as oppored to diiaœment ventilation systems), cod supply air will 

usually be distributed fmm the top level ond retum eir will be cdlected eiaier at 

the bottom or top lewl. If the occupied zone is only at fbor kvel, then it seems 
wise to maintain amifort conditions only up to a few meters above floot levd, not 



throughout the müre vdune. In such cases, a stratfied caoling system couid be 

Qorton and Sassi conductecl mode1 caidies on stratified coding. which is a 

technique d cooling only the kriver, ocaipied zone of a hlgh-ceiling spaœ 

[37,38]. The objective of m i r  mode1 stwly warr to determine the impact of 

various factors on the themiai behevior of high ceiling -ces with aietilied 

cooling. They also develaped a amiputer simulation program in order to predi~t 

temperahn. stratificatbn in such spaeos and found vey goad correlation mai 

the measured data. Thermal loads in a themdly stratïfied air-condioning 

system are quite different tmm thmaî kads in conventional total volume 

cooling systern. The authors mdoned that thennal loads such as condudive 

heat gain from the roof, upper zone and mficial lighting wil not be part of the 

cooling lod. while radiativs heat gain through the roof and (rom artificial lighting 

will be the part of the cooling load. The aiemdly stratified air-conditiming 

system may k espcially helpful in reduang wrne potential thermal lods by 

isolating aiem in the upper zone, thus reducing the iniaal and operating costs of 

the equipment cornpared wiîh a ainventiional totel volume coding system for the 

seme -ce. lhey propaod to supply cool Ut a kw meters above the flmr and 

collect retum air at lkor kvel. Wam air at the top of aie uncondiüoned upper 

zone would be exhausteci mth help of fam. 

lt has been found th* in stratifieci cooling systems. aie boundary betwwn the 

cool zone aml the dtatified upper zone is coincident with the level at which 

wpply air is introduced into a space. The cool air is supplid from a mechanid 

HVAC systsrn. If the Roof ana is wide, it crea!m diiutües for the installation of 

the nslwork of ovemeed duds. In such cases, fbor cooling systems or free 

standing air-condiioning unb as nnntioned by Yoshino et al. [14] could be 



used. However, the Iiteratura rwiew did not reveaî any -des on how well floor 

cooling systems and Iree standing Cur-cond'iming units pfonn saatified 

cooling. Yoshino et al. ako repofted that horizontel air curtIli*ns and hariwntrl 

wWed glas might help ?O reduce temperare stmHcation. 

Qorton and Sassi conduded modd otudieg and dweloped a cornputer program 

ta detemine the ImperEaure profile and aiemial loads in a themally stmified 

air conditïoning system and found very good agreement behnreen measureâ data 

and cornputer sürnukted data. HOWWW~ their model study was conducted to 

simuhte industrial environrnenls. the thermal behavior of which is very dirrerent 

frorn the themial behaviw of atrium buildings. A large proportion of glazed 

surfaces is one of the moet importent componente to be comidered in 
buildings. because of solu radiation during day and radiathte and conductive 

heat losses during overcast winter days and nights. There were no glazed 

surfaces in the model- study. For these reasons, this tool cannot yet be used for 

atrium buikiings. Furaiemore, it has some other limitations: 

1. P does not account for the effect of the non-uniforni air distribution, 

2. it does not sccount for the effect of conœntrated heat sources and their 

assodeted themal plumes, and 

3. the experiments were d e d  out et ocale mode1 and still need to be 

extenâed to hill-scale Le.. the validation of the cornputer program is still 

incornpiete. 

The auaiors mentioned that tesüng of stratiiied cooling in MI-sde spaces is 

planned. 



As stated eulier, use of -ums as butfer zones with passive ml ing  Md 

heating is the most energy consewing strategy. However, if partial or full 

condiüoning is required, it is still possible to build energy officient atrium 

buildings through more efficient aperaüon and design of mechanical cystems. 

The computer simulation case sbidy conducteci by Landsberg et al. s)K)wed that 

implemenüng efficient operaüon techniques such as aiennosEsoc control 

(heating nigM set-back, cooling night set-up. inuease in dead band) and 

destratification help to reduce energy comumption in atrium kriidings. 

Furthemore, efficient design of mechanid systems such as use of variabte air 

volume (VAV) systems i W e d  of constant air volume (CAV) systems and dosed 
loop hydronic hm! purnps instead of air-to-air heat purnps reduces energy 

consumption. Replacement of the constant air volume (CAV) systm with a 

variable air volume (VAV) systm with variable speed fan would have reduced 

total onergy use by 0.1 1 QBlUNR (2 %) in the multifarnily atrium building. 

Chicago, Illinois 1221. 

Incorporation of thermal storage techniques is anothw viable option for energy 

cons«vafion, which might hdp to reduce peak demuid. However, detailed 

economic analysis should be cam'd out to juDtify the cost-effectivenees for 

individual cases. 

Centrai bat-cool, locaû air distribution oystm mako energy recovery more 

feasible. Single duct variable air volume (VAV) systems not only reduce ducting 

costs, but also reduce space required for Bict installation. 



achieved by introâudng more intelligent techndogy (building autanation) in 

conjuncüon mth themiai aarag. teohnqw for impmved energy efficiency d 

HVAC systems. Building automalion helps to provide a productive, cost-effective 

and cornfortable emhnment by optimuing the interreletionship mong the 

building's anrctur8, service and management pl. However,  detailed .conomic 
analysis should be oanied out to juaSify the w6t-8ffBCtiVeness for indmdual 

cases. 

In rnost commercial, industrial and office buildingo. perimeter heating is not as 

significant a aincem es lighüng and coding. because emtironmental CO- in 

these buildings is usually dominMd by intemal heat gains and ventilation 

requirements. Heating may be requird in residential buildings, hotels or 

museums [IO]. Many internai load dominatecl buildings metimes require core- 

cooling and primeter-heating. 

In winter, large glazed amas help to mm an by admitang large amour& 
of solar radiation, and massive concret8 walls and floors can store the solar 

heat. As it is a properly of gleted materiais to admit crolar radiation with short 

wavelengths and trap raâigtion with long wavelength, it ie possible to store 

large amounts of heat inside atriums. Furthemre, if aiat heat is stored in some 

kind of themal rnass, it cwld be reciicuîated into atriums in Wer  ?O avoid 

condensation during cdd nights or directed to othrr spa- roquiring heat 

during aie day. The problems rssociated with passive heating am wet-heaüng, 

radiation heat loss, end dom dr-. Tempenhires inside -ums may h e  fa i  



above corntort levels during sunny deys. During avercast deys and dear nights, 

atriums in cdd regions may experience raâiaüve b a t  kco as well as dom 

drm. Howww. werheating could be uwd foi other purposes requiring heat 

such as drying or water hsating etc. 

The problem of domdmRs can be reduced eiaier by active messues or by 

passive meesuns PSI. Active meoures include increasing surfaœ 

temperatures of glated surtacus with convectors or radiation h.rting. while 

passive measurss imlude use of glazed maSerials with lower Uinlues and 

protnisions (structure frame) abng the glazings. The expwirnental studies 

conducted by HeiseIberg et al. have ahowrr that it is posoible to impove comfort 

conditions in the ocaipied zone by using the structural system as an obstacle in 

the boundary-leyer flow in glazed faCades. They ais0 found that depth of the 

structural frame should be grepter thM the aitical d m .  in order to separate 

the boundary Iayer Row. 

The patenüal for utilization of direct solar radiation depends upon the proximity 

to taller buildings and oriemation of the building, which detemines the 

availability of direct solor radiatÏon. 

OrientaSion of glazed surfaces is one d the m m  important design 

is far mue important for linear atriums than ikw square aiiums [13]. Funhemre, 

semitivity to orientation and dope deaeases as U-value and visibte 

transmission deaeese (311. As it is dilficult to cantrd low-angle solai radiation, it 



is better to avoid east- or west- orierrted gked  wrills; norai- or south~riented 

eaium are preferable [th& may be less effective in the Canadian dimate, 

because of lower sun angles]. In an nitemai load dominated builâing in a wemi 

dimate. a g k e d  wall facing narth (polar) is w f u l  to avoid SOIN gain, while 

preserving a glue-free view. For instance, a One West Loop Plaza in Houston, 

Texas, a tinted glass skyliht and noRh wall pressrves views while minimizing 

solar gain. In cod dhnates, a eouth (equator)-oriented atrium wall b the most 
useful, parüculaily if it is designed to keep out high-angled summer solar 

radiation while admmng IOW-angled winter rolar radiation for passive sdar 

heating. The Childrent Hospital of PhiladelpNP adopts aiis strategy, utilizing 

open play ôecb as summer shading devices [a]. 

Configuration of atriums is another important design factor for energy 

conservation, whether uncanditioned, partially conditioned or fully conditioned. 

For attached and linear buildings with equol W8a1 the fonner wil be more 

energy-consenring. if the irr uncondilioned, while the latter wiU be mon 

energy-conserving if the atrium L partially or Mly condiüoned pl], becouse of 
the large propovtion of exterior g l u d  surfaces erposod to outdoois in aSteched 

atriums. Ukem'se. coretype -ums wil be more appropriate if hi# conditionhg 

is required. bacause ksr gkred surface i, erpoeed to outdoors then in the 

envelope type. FuRhrrmore, aie temperatur8 swing is likdy to k more profound 

in attacheâ atriums than in linear atriums with the sarne area, because of the 

inueased ratio 01 g l ~ e d  10 intermediate surfaces- Atnm with high SAR are 
subjected to greater temperature stratification m i n g  high stack effect. Mile 

low SAR anâ high PAR are mare appropriate for daylighting. passive hertlng, 

and radiative cooling. 



As buildings have extensive gladng and are usually used during 

daytime, they may require cooling for the majocity of annuai operathg boum 

even in cdd dimates. Passive cooling techniques proposed by Bednar [12] are 

as follows: 

1 . conbol of solar hea gain (shading). 

2. useofthermalmass, 

3. radiative aoling, and 

4. convBCtjVecoding 

In wmmer. solar swing devices may reduœ solar heat gain. Verticel exterior 

shading devices am most effeoave on the east and west foi lower sun angles. 

horizontal on the south for higher sun angles. For ~wample. a system of metal 

baffles is mounteâ abdve the skylights to modify the incoming daylight at the 

Yale Center for 6fiüsh Art, New Haven, Conmcut (411. However, faed swing  

devices may reduœ solar heat gain during winter and have a nagetive effect 

overall. For exampie, as menîioned by Lanûsôerg et ai. 1221, increases in 

heathg loads due to fixed shading are aime times greater than the deaease in 

cooling load in case audies mnducted in Albany. Variable extemal shading b 

the best in ternis of efficiency, but the cost is compwativdy high pl]. 

The thennaî mspr of tlre building con hdp to reduce the temperature of the 

building at nigM, and ultimately abwb the heat generated in buildinos during 

the deybirne. This coma@ wak wdl in dimates where nQM temperatures drop 

below 20 O C  and the diund temperature swing b 8 to 11 OC. At night, the cold 

air from outside c m  k rsed to flush the the abmbeâ in an atrium during 



dayths uid to cod the rock bed. During the daytime cod air from todc beds 

may be wpplid fran the bottom of th. atrium. "The Oregory B a t m  Building 

at Sacramento. California wsir deeigned to activdy utilire such a coding 

strategy" 1421. HOWWW. as repoRd by Ladsbrg et ai., the effect of thermal 

mass variations on h e m  and cooling load of atriums will be minimai as dumal 

outâoor temperature swing decleases. The case studies conducted in Albany, 

rhowed that a 100 % inaease in atrium mass reduœs peak systm l a d  and 
building eneqy use by only 1.2 % and 0.2 % respeaively. 

The mld night sky and the pdar sky during miid summer deys can serve or a 

heat sink for the radiative cooling of a building. Heat will tramfer most effedively 

by meam of radiation from a wam atrium to the cooler ama of the sky, if the sky 

is clear. The potmW for radiaüve coding deoream as the sky becornes douây 

or humd. HOW~VW, night insulation migM be reguired to prevent radiative 

cooling dwing cold winter nights, but it is not a very po(wlar option [al]. 

Convective cooling (naturai ventilation) is meinly b e d  upon the stade effect, 

which increases as SAR increases anci PAR anâ AR decrease. Natural 

venülaîion driven by stack effect might k capable of mainwning oanfort 

conditions in regions wiül mi# summeia Furthemiore. convedhre cooling migM 

ako be diiven by wind, if openings are p l a d  at correct locations. HOW~VW, this 

sbategy is limited to buildings with intefnal kads of b t s  than 50 w/m2 (191 and 

acceptable outûoor air quality and noise levels. One of the most important 

condiaions for natuml ventilation is that the temperature of outdwr air should be 

less than the temperature of indoor air. 

Even though the above-mentionad passive ml ing  techniques am not suitable 

for cooling large atrium buildings. aiey could be very helpful in the redudion of 



cooling kado and will reduce the inilid a d  operating met of HVAC systems to 
srne extent. 

Another possible passive cooling technique in hot and dry dimotes is 

incorporation of evaporative cooling into naturai ventilation prwided there are 

large exposed w-r surfaces such as w8tet fountains. watw faîle or pondp. 

Large -cas provide excellent appoitunities to ulilÙe such strategies, 

which are not only visually stimulriting but ais0 energy-conswving. Hawever, 

condedon on glued surfaces should be avoided. 

Energy comumption by artificial lighting in Europe is about 50 percent of total 

electrical energy consumed in commercial, insütuüonal and oMce buildings [a]: 
In North Amorican countties, it accwnts for only about 20 percent [44. 

Therefore, it is e poten'al area to rduce building energy use as w e H  as peak 

energy demand. The daylighting potemai of atn-ums depends upon their ability 

to admit daytight to adjacent spaces [13]. 

According to Hastin-, an atrium reduces daylQMing by 2096 canpered to an 

open courtyard [SI. Hawewr, this can be offset by increasing glsted surfaces in 

the intemediate envelope -out incressing aiemial 1- to the adjacent 

spaces. because of kwer temperature gradients beWmen the atrium and 

There is a wik range of glazing mat8naJs available to control sdar 

transmission, light trammierion. and U-values. One disadvantage L that 1 

affects the whde year. Dark colors might give a continuous dull impression [el. 



Glazed maîerials with high U-value (2.7 ~ h f K )  are prefwable for skylights to 

enwre rneiting of snow in coid regions. Qlazed metefiais with U-values of 2.0 

w / ~ * K  are pieferable for faeuliur. Tramparent insuloaon with U-value6 of 0.3 

w/rn2~ is rlso availabb. Hawwer, gking wilh U-values ksr than 1 w/~ 'K  is 

very costiy, oiur not eawmicslly viable et th& lime pl]. 

Large? glazed areas in atriums wiH hdp to admit mon dayiight into the centre of 

a building and allow reducîions in the use of artif~cld lighang. Afüficial lighting 

not only cmwmerr electrical energy and abo produces a large amomt of heet. 

which wentuaily imreases cooling loads in hot WBBfher, but may deaease 

heating loads in cdd weathet. However, oiientation, high solar rad'mtion, mâ 

extensive glazed surtaces may have an aâvenie effect on tk thermal 

performance of buildings. Accotâing to Landsberg et al. [22]. oiw should be very 

carehrl when increasing glered areas to incrase nahnal lighting, because 

inaeases in cooling kedo due to extensive gked  surface may k greatet than 

the combined redudions in lighting and heating loads. FuraHnnore, in the 

Canadian context. whwe the cost of eIecWicity i6 quite high cornpared wioi the 

cost of natufal gas, deaeasing heating loads by heat dissipation of udificial 

Iighting during cdd semons is not ecorwwnicelly ralionaî. Thus, increasing 

daylighüng mey reduœ not only the cost of ektricity for artifidal ligM, but elso 

the initial and operathg cost of HVAC systems [12.46]. For eech case, it is 
necmwy to detemine the optimal Mance between dayîighting, coding and 

heating loads in a wey îhat ultimateiy reâuœs totai annual en- use. 

One of the mst criticai c h u s ~ a  of daylighüng is ils variability. The 

availabiiii of ôaylighting at any place dependc n a  only upon the saason and 
geographicrl koetion but ais0 on weather conditions (specielly sky tondions), 



and pmximity to tell buildings end local teniin (obaiucoon, reflectîon) pl. Thus, 

artificial lighting ir mmwuy for overouit days and night-time use. 

Several audies were conduded to increase ouf understantjing of the thermal 

behavior of building6. Howevw, we Hill lack definitive guidance for 
energy efficient atrium buiiâing deriin [21]. 

Luther et al. gave some recornmendatkns for design and operation of HVAC 

system, which are as follws p6]: 

1. HVAC systerns for atriums shwld be capable of huidling atriums as hivo 
zones and as a single zone depending on indoor and ouMoor conditions. 

2. Due to highet Wrn air temperaturas, the economizer changeover 

temperature should be mcaref~lly reset or an enaiaipy controller should be 

usedn. However, no exphnation of the meanhg of mcatefulw or of the 

enthdpy contrd btrategy was givsn. 

3. SomeMms outâooi conditions Pliow the provision of econornizer 

opecation to maintain comtort conditions in atrium. These condiions 

should be identifieci and incorporated into enetgy management strategies. 

ûpenabie louveni s)iould be pmided near the roof to aîlow for natuml 

ventilation and avoid wemeding. 



Hwever, they did not pr0viode informasian such es determination of thmai 

loads, size of openings required, temperature in the Wurn space, 

maximum temperature stratificaüon etc. and the ways tempereture stratification 

wiii affect annual eriew m. 

Kainlaun et al. conducted field studim on five atrium buiîdings at Iowa StoSe 

University for severai years r,47,48]. Atthugh oie aithors daïmed ai& they 

offered design criteria for energy efficient atrium buiidings with different 

orientations and interfacing of enviromenlai system. the guidance was vague. 

The options were not supportecl by quanficafive information, nor were meaiods 

provided for application of aie criteria. For example, they did not mention the 

significance of orientation. ratio of glazed to intemediate envelape, the &est way 

to minimize temperature stratification in muIti-story atriums, and how to 

determine aie vohme of loft (below roof) are9 etc. Furthemore, the authon 
carried out snap measurments with hendhdd measuring equiprnent only at the 

main level and Rfth levels. 3 timedday, 1 üm/week (on the same dey) 

throughout the season, not with a dynunic data rocorder for continuouci 

meawrement. TheretOre, the reeub obtained are neither suffiCient nor very 

rel iable. 

As mentioned eulier, no aftides on th. themiai behauior and energy 

peifmmce of atrium buildings were found. 



One of the major cunent probkms mgarding the modeling of tknnsl behavior of 

atriums b that most building energy simulation program do rot offer air flow 

modeling and assume homogeneity of air temperatures m i n  a themiai zone 

(e.g., DE-2,  trbi3. TRNSYS). ESP-r (51 ebro mwmes homogeneity of air 

temperares within o thennaî wne. HQYVBVW, ai& program is capable of 

simulating kioyancy driven air flow and radiant energy transfer between zones. 

H e m  [49] wed a customized version of ESP-r to mode1 aiemial stratification 

in an office by dividing aie spaœ to be treeled into severai sub-zones separatod 

by fictitious floors. Each sub-Eone w m  represented as a node in a mass fiow 

nehnark The nodes were linked by connections which could be modelecl as 

windaw aacks, doors. openings. or d u a .  The mess flw netnrork approach is 

based on the assumption that there is a simple nonlinear rdationship between 

the flow through a connedon and the pressure difference acrm it. 

Conservation of mass for the flows to and tiom eadr node leds to a set of 

simultsneous nonlinear equPaons oiat must be toived. Henson mentioned that 

modeling of mass flow by network approadr requires: 

1. translation of the real w d d  probkm inSo nodes and connections, 

2. dotemination of bounday conditions, 

3. mrthmatical and nummCcal choiacterization of fluid flam and pressure 

4. solution of the reouiting set of simultuieous (non-linear) equaüom. 

The first two tark are to be accomplished by the user, while the latter two are 

perfonned by a mass flw modeling module callai mk. 



2.7 Concludom dmwn fmm the litmtum mvlew 

The repoaed te6earch werr of Iwo distinct types. lî focused on energy ipe of 

atrium builbngs, to be m m  speâfic, on the energy eff- of th. integration of 

atrium into buildings or on the thmal beh&w d atrium spacm i.e., 

temperature stmtHication and stack effect 

The methods used in th. invesügdons included both field meesuremenls and 

cornputer simulaüom. Energy use was investgated by bath field measuremenfs 

and cornputer simulations, while tempermire stratifimton and stadc effect were 

investigated mainly by field meawrements. 

A principal difficulty existing at the present in modeling temperature stratification 

and stack effect is that most existing energy simulation programs are incapable 

of rnodoling themial buoyancy and the tramfer of d e r  radiation transmission 

into adjacent zones. 

Mast of the simulation toois used in the research were d the following type: 

4 capaôle of sirnulating ennual energy use but incapable of simulating mess 
R o w  and predicting temperature str8tiflaüon (DO€ 2.1 B. TARP), 

+ oapeble of prodicting temperare straü(iCCItj0n with mess flow but 

incapable of shulating mnwl energy use (VEM and R-), and 

+ capcible ot predicting annuai energy use and naturai ventilation bu2 not 



Furtkmnwe, some of the energy simuletion programs dakned to be capable of 
rnodeting muitiple zones are proprietey pmgnmr (FRES, ROOM & VENT. 

ROYAL DEBAC), the algorithms of which may mt be open to pubiic swtiny- 

Among them. only FRES is capable of tiking accoum of temperature 

stratification in -urns. 

Sane reseerdrers used CFD numerical simulation. which is cepable of 

predicting temperature stratification and air fiw. This approach is basd on the 

solution of consewation oquaüons for m m .  momentum and themiai energy on 

al1 grid points inside or arounâ the abject under investigation (481. However. this 

approach is stiH in its initiai stage of development and is restricteâ to snap 

modeling. Othemise, it wiW consume excessive central processing unit (CPU) 

time. It EB only suitable for use at the final stage of design. Other major drawback 

is that the user must h m  an extensive knowiedge of HVAC and fluid dynamics, 

numerical methods, and building engineering [l O]. 

Therefore, it is desirable to use a simulation tml that could simulate annual 

energy use and predict temperature strstificition with mass fi-. ESP-r offers 

this possibility. ESP-r is capable of simulrting temperature sttatitication and 

buoyancy diiven air flw in spaœs as well as plant systems anâ energy 

use. 

In order to simulate energy use of atrium buildings with rrroonable accuracy, it 

shouid be capable of modding the themial behavior of Wium -cas reasonably 

aowrately Le., teke account of temperature stratification, transmission of sdar 

rediaaion to adjacent zones. stack effect due to themul buoyamy, etc. 



Investigation of cornputer simulation d the aiemal behavior of atriums was the 

major task of mis research. lt wss done with an existing energy simulation 

program called ESP-r (Environmental System Perfomances-rtmmch) version 

9.0. The major purpose of th& rewarch was to assess the ability d ESP-r to 

modd the thermal behavior of atrium -ces. In order to broaden thie 

investigation. computer simulat*ons were carrieci out for Iwo atrium buiîdings in 

different geographicril locations under a wide range of dimatic conditions. Data 

were obtaïned for an atrium at a hospitel amplex a? Groningen. the Nethedan& 

(see 2.2.2.2) and the EECS (Electrical Engineering and Cornputer Science) 

Building at the University of Michigan. Ann Arbor (see 2.2.2.3). 

The inv&ga!ion was cenied out to identify the temperature distribution field 

(temperature stratification) in atriums, while ventilation systems wsre off Le., 

by thermal bwyuiy  is orn d the major characteristics of buildings that 

can play a crucial rok in maintaining cornfort conditions. 



Hand calailations am not only tedious, they also fail to give accurate resub. As 

montioned by Moser et 91. The h m  balance of a reaî builâing is mver in perfect 

equilibrium. Transient hm-ng up or cooling dom of waib and other thermal 

mass calk for tirnedependent simu18tiona[6]. The n e d  for dynamic computer 

simulation pmgrams hm long been realizeâ. A variety of building energy 

simulation pmgrarns has been devdaped. These pmgrams Vary in many ways - 
for instanc0. m8thOd of determinhg thmal kads. the rumbsi d thenna1 zones 

and systems sllowed. types of equipment thet cm be modeld. and lime step 

useâ in simulation. 

Public domah energy simulation programs such as DOE-2. BLAST. TRNSYS, 

tsbi3, and MBDSA have been used for simulating the thmal behavior and 

pmfomwice of buildings for a long tirne. However, tkce canputer tools are not 
suiteMe for pfedicting the thermal behavior of atriums. because they do not 

account for temperature stratification. mas6 fiow or radiabive heat trader 

between zones. 

One of the main reasons for choosing ESP-r is b capabitity of rnodeling air flow 

and transler of radiant energy between themul zones. Fur lkmio~~  it is 
available for research purposes for a nominal fee end mdely useâ in Europe. 
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In order to evaiuate the energy use of atrium buildings ud the impact of 

temperature stratification on ecrergy use (0.g.. for passive ventilation). it is 

desirable to waluit. the capacity of ESP-r to simulet. temperehire stratification. 

The earliest version of ESP-r was dwdoped ôy Rot. Joe Cl- at the 

University of Strathclyde, UK in 1977 as a put of his doctoral r868atch. In 1987, 

the Energy Simulation Research Unit (ESRU) w- fornid, in order to ddress 

the pmbkms fadng environmentil simuklion. Sina then. meny rawmrchers 

have mdpeted in devdoping ESP-r and have improved it in several ways. 
Hensen incorporated fluid tkw anâ plant simulation during his doctoral research 

[SOI* 

ESP-r is a dynamic thermaî (enwgy) simulation system, which is cepable of 

modeling a diverse set of featutes such as building envelape, mess Row, and 

plant systems. It conskm of nt81telaüng major pmgmm modules such as project 

manager (prj), simulation (I#p), resutt recovery and display (ras), datibase 

management (db) and report writing (m). 

shedinglinsdation, vkw f8ctorS1 site ~Wructions, systm configuration, system 

control, anâ the mass fkw network. Geornetry, conaiyction, operation. systm 

configuration, and tramparent constructions (if there are glazeû surfacas) files 

are required. ShadingAnsdatkn, view factors, site obauaions, qstm control, 

mam Row nrhniork, utility, and casual gains cMrol are optional files th& are 
supplkd in order inaease the detail of the simulation. 



Projecl manager d d s  with defining o building &or plant systm configuration. 

One or mon, zona within a building can be defined. Th. description of a 

building L comprisrd d the geomeby of spacas as well as construction deCaiIs. 

User-defined operation scheduler can spedfy internai loads such as lighting, 

occupancy, and oquipmont. A contrd file m9y be uwd to define cMrd 

aigorithm and proiea-speQlic control condiions. if no contrd law k specified, 

simulat'in m'Il k done for free-ffoating cond'Ïons. To sirnuîate air fiouus @oth 

wind-end buoyartcydriven) among zones end tdhom outdoonr. a mass flow 

network must be defined. The imolation moduk predkts tirneseries insolation 

of interna1 surfaces due to sdar penetration through glazed areas, mile the 

shading prediclton sub-module predicts the tirnoseries shaâing of facaâes by 

site obsayctions. 

All ESP-r modulai are invoked fmm the pmject manager. 

The building simulation program (bpe) uses the systm configuration file to 

mode1 heat anâ mass tramfer for userdefineci periods wiai a userdefinrd üme 
step. This can provide information on thermal khavior anâ energy use of the 

specified building and produces simulation rmub. tt requires houily weather 
data. Weather dati m u t  be pronded for the period of simulation. The dmulator 

can harde probkms related to building, heat tkw. mcisrr fbw, anâ plant systms 

The resub anolywr (res) gives accoes to the rerub files generated by the 

simulator. Output option, availrble indude persp.cbive visurlitatbs, resulls 

binning , and 30 plang . araphical diipîay indudes tirne~arirble grapho, 

variablexariable giaphs, pie charts 3-0 surface plots of e variable over time, 



temperature profiler within conanicüons and hiaograms, while tablai faciliaes 

consists of amsuiil heat baiance and zones anci surfaces, time step listings for 

moet temperatures end fluxes within a problem, intenog&*on of - m m  and 
minimum vaîum and comkrt analyrir. 

databaws such as primitive demems (e.g.. glazing, type of conaete), 

c o r n p l  cansbuctions, opdicol propdm, event profiles, temporal definitions, 

dimate, pressure distributions and plant components. Primitive and compocite 
construction d- contaien thermophysicaî and @cal prpropertirs of 

comtrudion materiais. Event profiles consist of a number of projed-specific 

tirnedependent variations in zone occupancy. IigMnig, plant COnfioI, and 

equipment (e.g., specific preâefined operation rdredules), while the plant 

database conskts of standard plant cornponmts. Th. dimate datakse 

contains hourly dimatic data for diffuse horizontal solu intensity, dry bulb 

temporature. direct n m a l  solu radiation, wind speed, wind direction. and 

relative humidity. It aîso contains the Iitituôe, longitude difference, slahide and 

name of the city. The default dimate database contains dimaüc date for several 

European cities. The temporal definHion database includes facilaies to describe 

schedules or evenfs end tirnedependent data required for combined heat end 

mas6 transfer simulation. 

Most of these dataômm am in binary farmaî for mndom acceclc and data 

security. Hawever, ESP-r aiso prwidec an option to have these data in ASCII 

format for rditing and transmission. 

The calculaüon of buoymcy driven aidiow in mfn L similar to the approach 

proposed by Walton [SI]. In this methoci, homogeneity of air temperature and 



pressure within a single volume is astumed. A volume of air is represerrted by a 

node and connected by Mme fluid llow canponen& as shoum in figure 3.1. 

Analysis of fluid flw through a connecüng componmt i is baseci on Bernoulli's 

equation for onedimensiond amdy flw of an incompressible Newtonion fluid 

as merttioned below. 

The density of fluid is aiways density of fluid et inlet. Therefore, depending on 

the diredion of flaw, it might be on or am. 

If the f lw L in negative direction: 

Psi - zm) + h g  ( ~ m  an) 



Where, 

A R  * sum of ail frictional and dynamicksses 

Pq *stackpressure 

pl, pr =, aati*c pressures at inlet and outlet 

VI, y * vdocity of fluid at inlet and artlet 

z1.4 inlet and outlet devation nM 

reference height 

4i, & 3 elevaüon of nodes n and m h m  
reference height 

ESPi version 9 runs on UNlX workstaüom. In principal. ESP-r c m  be ported to 

any machine. However, a SUN Spercstation with X-windou16 is the preferred 

environment. It also requires at leaa 8 MB of RAM and IO& MB of hard disk, X 

windows version 1 1 revision S. FORTRAN 77 and C compilers. A laser printer is 

required for hard copy d graphical ouiput$. 

One of the strengths as wdl as weakness of ESP-r is L ability to offer rnuttiple 

ways to repmsent and Mcilyze problems in order to emphasize m ~ I  dmign 

aspects and deal with parameter u n ~ e ~ n t y .  Tk 0th- charactwistic of ESP-r is 

that it -urnes that the proMem has meaning in a themophysical sense -i.a, il 

has no interna capabilii to check sementias. While an expert will benefit fiom 

mis, a beginner often will fed discouraged. 



Readers inter8Sted in the aieoreticai basis of ESP-r am advised to consult the 

Clarke J.A. Energy Similrition in Building Design, Mm Hilger LM. Bristol and 

W o n ,  1985. 

Hemn J.LM., On the Thermal Interadion of Building Structure and Heab'ng 

and Ventilrilion Systm (sic), Doctoral DisseMion, University of Eindhaven, 

1991. 

3.3 Wriptkn d test Wea 

3.3.1 AZOaallum 

The AL0 hospital compkx at Groningen, the NetheilandS. is locatd .t 5 2 O  norai 

latitude. The thermal behavior of atrium ûuilding in a hospitai compiex at 

Groningen was reporteâ in the Iiterature review (M. 2.2.2.2). 

This is a large building awnpkx with 9 ariums. The aüium where temperatures 

measuremenls were made has a flow uea of 580 n f  and is 20 m high as shomi 

in Figures 2.4 and 3.2. For purpoc»s of simulation, the atrium geometry wes 
simplified to a rectangular plan having the same floor area as the actual atrium 



as shomi in figure 3.3. The ebiurn is a linear type end uP.d for circuîation. it is 

open to &ors (bakmm) from Wjaceqt spaces in tem of spatial 
connedions to them. Them are several balconies at each level on eit)ier side of 

thaum. Therefore, the main k v d  and bslconirsi are the ocapied zone. The 

atrium is bounckd to L full heQM by the warâ to the north and the main hospital 

to th. south. Th. atrium b bounded by circulation spam et the first levd only 

on the east wd wect sides. The upper east and west mlls are exposed to 

exterior conditions. 

nie flat roof of the atrium was made of double-skïnned PVC with 80% 

transmittance. The aspect iaüo of the atnum is 1.4. while the wctional aspect 

ratio is 1 .l and the plan aspect ratio is 0.66. 



Flgun 5 3  Slmpltfied plin d AKI a- 

3.3.2 EECS A t m  

The EECS atrium building at the University of Michigan, Ann Arbor, irr located at 

The EECS building is a four-stwey building 105 m long. 85 m wide end 19 rn 

high. The eMum is 91 m h g ,  9 m wick, and 23.5 m height. and ïs Iacated dong 

the center of the building es shown in figures 2.9 and 3.4. 



The atrium is of the linear type and repuateâ from adjacent spaces in tarms of 

spatial connedions to them. ît used rolely for Qmlation. Several bridges cross 

the atrium. fherefore, the main level is the only ocwpied zone except the 

bridges on each levd. 

The roof of the atrium has o double-glazed skyligM with a 400 skpe. The esQed 

ratio of the atrium ir 1.9, whik the 8BCtional aspect ratio io 2.3, and the plan 

aspect ratio is 0.1. 



Basic caiarlations were made !O determine the relative significma of various 

heat tramfers on the themal behavior of the AZQ atrium. 

Condudon heat ttansfw through the exterior and interior envelopes could be 

calwlated using equation (1). The radiation incident on aie skylight could be 

approximated by equation (2). The ventilabion bad could be estimateci using 

equation (3). 

conductive heat transfer 

radiative conductive heat transfer 

ventilation load 

overail heat ttansfer coefficient 

area 

temperature gradient 

global radiation 

airflow rate 

The peak conductive heat tramfer through oie extefior end wslls will be about 

qcind=UAAt 

= 0.4 x 380 x 2 x (25 - 9.5) 



The p a k  conducüve heat transfw through the interior w a k  will be about 

q,-UAAt - 1 . 7 ~ 5 8 0 ~ 2 ~ ( 2 7 . 5 - 2 2 )  - IO846 W 

dl kW 

The peak conâuctive heet transfer through the skyligM w l  be about 
qoDndoUAAt 

= 2.8 x 560 x (25 - 9.5) 

= 23870 W 

= 24 kW 

The peak radia- energy incident on the skyiight will be about 

q d = h A  
3700x560 

= 392000 W 

= 392 kW 

The peak heat loss through ventilation for 1 ACH will be about 

 mi- 12WvAt 

4200  x 3 x (20 -(-3)) 

=55800w 

=S6 kW 



The peak b a t  loss through venüIation for 6 ACH (maximum ventilation rate) wiH 

be about 

k 1 5 6 x 6  - 336 kW 

6awd on the celculatiom. it A abvious aiat the influence of the radiaüve heat 

gain is the most significant followed by the ventilation load. The influence of the 

conductive b a t  trBllbfer through pwimeter walls is minimal. However, the 

influence of the conductive heat tramfer through the skylight on the temperature 

of the top zone is signifiaint 

3.4A.2 ôbaemlkns on tmpemtum rmtltl#tkn at th, AZQ Mun 

During ail 4 days for which data were published (see 2.2.2.2), aie night time 

atrium temperature remained at 21 OC or higher when the outdoor temperature 

was as low as 9 Therefore, the air passing through the afn*um due to stack 

effect must be h e a d  air dram fmm the adjacent spac~b.  This is consistent mai 

The mass ftow mackl had to show this eff8d of warmed air being d m  hm the 

adjacent spaces. 

3.4.1 6 Compter modrlkig of the A20 A V k m  

It was decided to mode1 the AZQ atrium spaca as a simple single zone in order 

to show that single zone modeling is not capaôle of representing the dynamic 



aiemai behavior ot atriums tt different heigMs (me iigure 3.5). The thennal 

zones of atrium spaces are quite differmt fmm goametrocai m e s .  The atrium 

itself h a singk mw in temwr of geometry, Mile thare are several aiemial 

zones Ii Wrms of thermal tondions. The next step wrr to mode1 the atrium as 
multiple zones. The atrium spaca was divïded into differmt thmal zones 

stacked wer each otbt  as shown in figure 3.6. in order to consider thermal 
stratification as suggested by Hemn [49]. The zoning of the A ûased on 
the rneasurement locations. 

In order to modd mssls flow in the atrium, each themal zone was represented by 

a node. The nodes am connect8d by aimow compwnts. In order to rllow mesrr 

flow between zones, the mass flow network included a large orifice (40 m2) 

between each set of adjacent atrium zonesD The Wylight of the miun is defined 

as double-glated, exterior surfaœ having direct m a l  trammittance of 0.61 1 

(the defwit value h .ESP-r). For Jum 12 anâ July 7 simulations, when the roof 

vents wem open, aie mats flou network included an orifice of 30 m2, quel to 

the area of the roof vents. Foi May 6 and August 20 simulations, when the roof 

vents wwe dosed. the mass fiow nelwork induded an orifice of 2 d et the roof. 

It was chown to provide an airîbu of about 1 ACH, based on Hejazi-Hashemi's 

absendon reganjing air change for an atrium rmh roof vents dosed and 
openinos ot kwer kvd opened. 

The walb hcing east anâ west wwe modekd as opaque exterior walls. while 

walls facing norai and routh are modded as parbibka. The emironment on the 

other sida of tkire partition waîle b specified rr, mmtant tetnperetun of 22 - 23 

OC. The bounduies ôetween atrium zones are specified as transparent 4aken 

walls with very high U-values (2.7 w/rn2IC). The construction details and themo- 



As we were modeling netural temperature stratification in abium spacas. the 

control aîgonthm was specifird as h.ee floating. Simmonds memond that the 

roof is made of double-skinned PVC with 80% transmittarice. He &O said that 

aie roof systm was designsd to exdude direct sunlight end admit diffuse 



skylight. However. he did not give m e  optical propr th  of the roof, such as 

solar bwcmilEanC9. Thrrefbre. sirnulritions wem run with defauit direct m a l  

solar trammittance value of 0.61 1. Simulation with direct normal bansrnittance of 

0.8 resutted sirnilai temperature profiles, but Miher rirfbws. Casual gains for 

occupancy end lighting mre set d zero in the oprmüon schedules. The 

operation schedules sprdlird are atiached in Appdiu 2. 

3.4.2 EECS atrium 

3.4.2.1 îûentîfbtkn d Iwy kymmetan d the EECS .tikm 

Basic calculetions were ais0 made to determine the relative signifiace of 

varioris heat transfers on the thmai behwior of the EECS atrium. 

The peak conduclive hmt a- t)wough the exterior end walls (double- 

glared) will be about 

<~aid=UAAt - 2.8 x 189 x 2 x (20 - (-3)) 
r24343w 

= 24kW 

The peak conduetive heat tr8nsfw through the interior walb wiH be about 
q--UAAt 

= 1 . 7 ~  1730 w 2 x (30 - 22) - 47056 w 
= 47 kW 



The peaîc conductjve heat transfer through the skylight will be about 
w - U A A t  - 2.8 x 635 x (20 - (-3)) - 40894 W 

s4 l  kW 

The peak radiative erwgy incident on aie skylight will be about 

qi.d = % M A  
= 700 x 635 

=dAdc;nnW 

= 445 kW 

The peak heat loss through ventilation for 1 ACH will be about 

qmc- 1200vAt 

= 1200 x 4.8 x (20 - 9-3)) 
= 132480 W 

= 132 kW 

The peak heit kss though ventilation for 6 ACH (maximum ventilation rate) will 

be about 

q-- 132x6 

= 792 kW 

Based on the celculations, it is abviow, that the influence of the radiative heat 

gain is the most signifiant followed by the ventilation load. The influence of the 

conductive Mat tramfer üvough exterior wells and interior welk is minimal. 

while conducüve heat transfer through the skyîiiM is of significant magnitude for 

the top sub-wne of the atrium. 



The temperaîure in the top zone di not drop below 20 OC during a coid night 

(March 1 1,1989). when the ouMoor temperature was below -3 OC. This suggests 

that the air in the rn'urn WB heated by m e  kind of hecm'ng system. Fuither 

inquiry reveaîed that there was a heati-ng sysîm in the eaium and the 

thermoaad was set at about 20 O C .  

The temperature et Iwer levds remained around 23 OC during day end nigM 

even though the outdoor temperature rose to 28 O C .  This suggests that the 

atrium was being coold by adjacent speces. 

The atrium temperatures at lower zones during day remained dose to the 

temperature at night. whereas the temperabire at upper leveîs fluctuates from 

day to nigM. The reason for this behavioi is the geometry of this atrium Le.. 
because of high SAR solar radiation did not penetrate to aie b e r  zones. The 

maximum temperature stratification was only about 5 OC in March, h i l e  it was 

about 15 O C  in July. 

Because sigle-zone modeling hm aîreaây shown to be indequate, €€CS 

atrium was only rnadeled as a modified &zone system. As the SAR of this 

is as high as 2.3, the wlar radiation could not penetrete to the lowmt zones. 

The thermal zoning and mass flow netwoik are shown in figure 3.7. 



The nodes are connecteâ by airfiow comp0nmts. In order to dlow mas6 flow 

between zones, the mass fiow nehmk included a large orifice (40 d) khnreen 

each set of adjacent -um zones. The skyiiiht of the atrium k defined as 

doubkglazed. exterior surfaœ having direct normal solu transmîttance of 0.61 1 

(the defauît vaîue in ESP-r). fhere were no r a d  vents in the EECS atrium. 

However, a smdl orifice was p~ovided, in order to simula!@ airAow 1))mugh roof 

cracks. 

The walls faang aast anâ wmst were modeled as doubleglazed exterior walls. 

while Wls  fadng norai end south are modeleci as paititions. The Wronment 

on oie other side of these partition wslls is specified as constant temperature of 

22%. The boundaries beniveen atrium zones am specined as tmqmrent Yaken 

walls with very high U-values (2.7 w/~'K). The conanrction details end thenno- 
phpical a d  optical propecties of a l  envelopes may be found in the relevant 

construction film in Appendix 3. 

Flgun 9.7 llkw tlaw noîwork tor &zone EECS mode1 



In order to model naturd tempecPtur8 stratification in atrium spa-, the control 

algorithm was specined as fiee Roaüng. Casual gains foi oc- and iîghting 

were set at zero in the operation schedules. The operation scheduler qmcified 

are attached in Appendix 3. 



The r e w k  presented in this chapter were obtPined by cornputer simulation of 

the thermal behavior of ushg the energy simulation program called ESP- 

r. Simulatd data weie compareci wlth measured data and the possible causes of 

discrepanaes were analyzed. 

It was deaded that the A20 atrium simulation model wotrld be calibrated first for 

1. the measured Wun temperatures wem available for four days under 

diierent dimete condiions and roof vent p i t i o o i w ,  which provideci a 

range of validation oondiions. and 

2. no hesting or ventilation systemr were installled in the atrium at the lime 

the rnoesurmenb were coriducted, which reduced the number of 

variables to be addreased. 



Simmonds presonteô only outdoor temperadUres for the days during whidi 

measuremenls wre  conduded. Addiionai weather data required for cornputsr 

simulation were obtriined fmm the Royal Neaieilands Met801ologW Institut43 

(KNMI). The global solu radiation values obtsined were hou*, while wind 

speed and wind directions data were 6 hour averages. ESP - r requires diffuse 

and direct normal solar radiation for simulation. Therefore, â i ise solar radiation 

was estimated based on data meawreâ in Calgary for days with similar Ievels of 

global radiation. Direct n m a l  wlar radiation wae calculateâ by the following 

relationship. 

where, 

~~ gloôal solar radiation w/m2] 

G CHW 3 diffuse solai radiation [w/m21 
QOM direct solar radiation Mf/m2] 

a 3 solar attitude W@Q~W 

The detailr provideci by Simmonds am summdzed in Aqpendii 1. 



The resulls abtsimd &m mputer simulation of the AZO atrium as a single 

zone are shown in figures 4.1 and 4.2. Simulaions were out with and 
without modding of meso flow. As singkzom modeHng predids onty one 

temperabin profile for tha whole mkm,  it is abnous that it WOU# not be capable 

of characterizing the thermal behavior of the at d i ront  heights. 



The resub obtrined by compuler simuletion and measutment were compared. 

in order to evaluate the capam of ESP-r version 9.0 to predict the temperature 

in atriums. 

Several studies [4,25] have shown thit single-zone modeis of spa- 

were incapable of representing their themial behaviw. These studies showed 

that the temperahms prdicted by singktom modeis are doser to the 



temperature at the higher levd rather aien the temperature at aie lwer level. 

The resub obtained by us d m  demomtrated the same fact 

The comprison of moddsd Pnd 119886ufed tmperaîure profiks for the single- 

zone AZQ mode1 without and with mass flow are pmsmtd in îigures 4.3 and 4.4 

respectivdy (note that the nurnber ifter T in the kgends show the heigM in 

meter above the atrium Rooi). 



June 12,1989 

Note: (S) indicatm the temperature h simulated 

(M) inâicates the temperature is measured 



The temperahu# p r 8 d . i  by the singbtone modd without mas6 fkw for the 

periodo of May 6 and Augurt 20 were doser to the mersurad temperame at the 

highest kvd. Howwer they wwe significantly higher than the measured 

temperature at the hiihest level for the peikdr d J u n  12 anâ July 8. The major 

reason for this discrepurcy is mat the mode1 without mas$ flow was incapable of 

modeling the open position of roof vents and airfimm through the atrium i.e., 

incapable of aamrately modeling com8Ctive heat tramder in the atrium. 

The temperatures prWtcted by the single-zone mode1 with mass flow for al1 4 

days were doser to tha measund temperature at the highest level. This is 

 mist te nt with findings of other researchers. 



The resuîîs obtiined fmm amputer simulation of the AZQ Wum as a 5 zone 

mode1 are shom in figures 4.5 - 4.8. The sirnul~oc16 wem Nn with airflow 

modeled for ail four peciods (note that the nimber a- 1 in the legends shows 

the height in meters above the aûium floor). 

Figure 4.5 Modeîed tompenture pmnk. ln th. 5 zone AKI mkun 

- -- - - . 

Flgun 4.6 Mockkd tmntun  protlkr ln the S rom AKI atrium 
for Juin 12,1989 





The temperatures predicted by the S zone mûel for the AZQ atrium cire 

presented in figures 4.9 - 4.1 2. 

1 -Tl9 (8) +Tl 9 (M) +TD 1 
tir E [HOU R S ~  

[ - t116 .5  (S) +T16-5 (Y) +TD 1 

(Figure 4.9 contbued on page 93) 



TIME inouna] 
( - ~ T I S . S  (4 +t16.S (Y) +TOI 

(Figue 4.1 0 continued on page 94) 



Rgun 4.10 lkdrkd vamur mwrund WmpaRuir pcPnb kr 

5 mm AZO .Mun tor Jum 12,1@ûB 



=a: - - - - - -  

1 a:: . . - -  - - - - - -. - -  - - - - 

tiME [HOUISI 

1 -tl12 (8) -Cf 12 (M) +TD 1 

Figure 4.11 Mod.ieâ wma menund tempemure pcotlkr for 

S mm UCI atrium for July 7,1989 
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The median anâ .bsdute temperature differmms betnrmn predicted and 

measured temperatures are presented in Taies 4.1 and 4.2 (note mat the 

numkr after T in the legends show the hdght in meter above tk atrium floor). 

Table 4.2 

Note: negative sign before the value means under estimation by ESP-r. 



The predicted temperatun profiles of with the 5-zone model wefe doser 
to the rneasured temperature profiles than those obtainod with the single zone 

model. This model was capabîe of representing the dynamic thermal behavior of 

atrium at diffetent heights. However. the maximum median and absolute 

temperature d9Ïerences between predictad and measured temperature were 

about - 4.0 O C  and 7 O C .  which is comparable to Simrn-' simulation m i e s .  

Considering Simmonds' moesured data and the geornetry of the atrium. the 

reason for aie discrepancy ~ppeam to be poor distribution of sdar radiation 

below the top leveis of the aaiCum in this model. ESP-r can only pass incident 

radiation to adjamnt zones. Further investigations were carried out in order to 
more dosely mdel the reai radiathte heat exchange between zones. In order to 

transfer heat gain due to mdiative energy to the lwer zones of the atrium, the 

stacked sub-zone model was modified. This was done by e*tending a small 

portion of the top zone to the Ioww urnes as show in figure 4.13. War energy 

was evenly disbtiuted to zone 2 and 3. 



The resuik Obtained lrom computer simulation of aio AZQ .trium as a m o d i i  5 

zone mode1 are shown in figures 4.14 - 4.17 (note that the m b e r  aftw T in the 

legendc show aie heigM in meter above the atrium fkor). 





The modeleci versus measured temperature profiles for the rnodified b m e  AZQ 

mode1 are pretemed in figures 4.18 - 4.21. The median ami the absolute 

temperabire dinerenœ between predided and meesured temperatutes are 

presented in Tables 4.3 and 4.4. 
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The resutt aôtained with the modified 5 zone modd were dorer to the actual 

temperabire profikr in the atrium. It is sham in figures 4.18 and 4.21. The 

mm'mum medirn anâ maximum ebeolute temperatun difkrence betwwn 

modded and merwred tsmp.rolures in the atrium toi dl4 daya modekd were 

-1 .S and 4.3 respectivdy as shown in Tabh 4.3 and 4.4. Tho modeled 

temperatures were faMy c b e  to mersurd data for most of the time. The 

maximum e b s d u W  tempermre dierencec rnentioned in Table 4.4 acair at only 

a few moments. 



In h$ artide, Simmonds did not provide the detailed informetion on measured 

airflow. Howwer he did mention that meawred airflow wss between 4 and 6 

ACH on Jum 12 a d  July 7. Thergfore, detiiled compeiison was not possible. 

However, ppredicted aiilknro wwe dote to the measured data for majority of 

periods. 



The resuk o W m d  fmm com-r simulation of the EECS atrium as a modifîed 

6 zone modd are $homi in figures 4.23 Md 4.24 (note thet the nunber dhi T in 

the leg- shows the hoight in meters abcwe the oliium flooi). 

EECS mode1 for Yiich 11,1989 

Rgum 4.24 mkd temperatun profika In the m o d W  6- 
EECS modd for July 8,1088 



43.2 Comprrbn of modekd and meiuumd data for the EECS M k m  

4.3m2.1 Modekd venur nwrund tempsmtum protib for modllkd &zom 

EECS mode1 

Modeid versus measured temperature profiles for rnodified 6 zone EECS mode1 

are presented in figures 4.25 and 4.26. The medm and the maximum absolute 

temperare diifference between predided and measwed temperatures are 

o h m  in TeMes 4.5 and 4.6 respeclively. 

TWE t)lOURS] 

I -CT21 .3  (8) +T21.3 (M) +TD [ 
t i w  E [WOUIIB] 

(Figure 4.25 continued on page 11 1) 



Figure 4.25 Moâekd vmw mwrumd trnipemtun profiles In ths modilkd 

- - 
TlY E [WOU RS] 

(Figure 4.26 continued on page 1 12) 
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Figure 4.26 Modeîeâ vwrur mamreâ tsmperrnum protik. In the modilkcl 

6roii. EECS mode1 ter July89 1988 



trmpemturea In the modlkd 6 zone €€CS mhrn modd 



flgum 4.27 modrbd rllkw Olo(l.r in the m o d W  6 tom EECS modd 

The r e w b  0bteiii.d with the 6 zone modd were faidy dare to the m~sured 

temperature profiles for mast heig- and days. The maximum median and 

absdute tsmperaîure diiffer- behmm modrleâ and measund tsmpraturee 

for both Mudr pnd July were -1.8 and 3.3. Rie results 0btairi.d were best, when 

solar radiation was âiibuted Rom zone 6 to only zone S. 

it wss nat poesible to comparm predicted air flw kceuse of tk lack of 

measured data. 



The hypothesis of th& investigation mnr that the cornputer simulation program 

cailed ESP-r (Environmentol System Perlonnances-reswch) version 9.0 could 

be useâ to modd &mp«Wre stratification in mum buiidings with acceptable 

acairacy. The temperature diiennce between prediicted and measured 

temperaturer should k lems than f 2 O C .  In order to evsluate the accuracy of 

ES?-r, maximum deviation end median devirtion between measured and 

Means are only valid avwages foi m a l  d0iutionr. Median deviation gives a 

better indication of central tendenoy ( m a  hequently occurring values) if the 

distribution of vaiueg fdlow a non-normal d i .  The median deviab'on was 

ured as the fimt criteikn, wMIe maxjmum deviation was ured as a supplementai 

criterion in order to evaluate tha Olp.bilÿ ot ESP-r to modd thmal behavior of 

and calculated values). 

A detailed Merature rwiew on the thermal behavior of atriums and effects on 

building energy use was &O conducteci in order to determine the problems that 

exist in this field. 



In order to test th. hypothesis, the fdkmng work was carried out: 

1. computer simulation of temperadun profiles in oie AZQ atrium for 4 days 

in different seasonr, 
2. cornputer simulation d temperature profiles in the EECS toi 2 days 

in different seasor, and 

3. cornparbon of predicted and meesured temperatures for bath AZG and 

€€Cs and validation of the amputer simuletion program ESP-r 

as a reasonably acourate tool for prodiction of the temperature 

As singk-zone models only prdct  one temperature foi a whde atrium, they are 

incapable of repiesenthg aie dynunic therrnal khaviw of atriums ot diierent 

heights. The need for mulü-zone modeling of has been demonstrated. 

Modeling of atriums uring vertic8Ily stacked sub-zones was capable of 

representing the themiai khavior of atriums at diffemt heighîs. Howovrr, the 

aoairacy for the A20 atrium was not as gooô us the m e t  in aie hypotheeis. 

This was due to îhe pooi â i iu t ion of rolu radidon bdow th. top bels of aie 

atrium in thst modd. ESP-r can only pe# incident sdar radiation to zoner 

in order to more d d y  modd r d  radiative beat ditribution for difhrent levdc 

of the atrium. The SAR (sectionaî aspect ratio) plays a vital rde in aie 

distribution of du radiation at various lwek. For inrtence, when modifying the 

vertically stacked suhone madel of the MC3 Wum, a portion of the top (fifth) 

zone was ext8CICIed to the second zone in the A20 model. This allowed tramfer 



of heat gain hwn solor radidon to the kmr wnee (zone 2 and 3). The results 

obteined were beüer. Becam of the high SAR of tk EECS atrium, m o d i i o n  

of the vwtically stackaâ 8Ub-zoms did not impmve the acairacy of the model. 

m e r  resub were Obt11'ned whm heet gain irom d e r  radiation wap passed to 

only zone 5. The moDmun median and rbcolute temperature diierence 

between mdekd and meewred tempemures in the modifmd vertically stack 

sub-zones modd of AZQ and the EECS atrium wwe -1 -5 O C ,  4.3 O C  and - 
1.8 O C ,  3.3 OC rerpeclively. Uthough the maximum absolute tempera!ure 

differences wem greater han the f 2 O C  in bolh AZG and EECS atrium. they 

occurieci at only a kw points in time. For long pends the absolute temperatun 

difterence was maiin + 2 O C .  

Several condusions can ôe drawn from this investigation. 

aie tempenbne predicted by a singlszone d e l  with simulation of 

8irciow, &ng ESP*. ir doser to the meewred temperature at the highest 

levd rathet than the average atrium tempa?ure, 

a single-zone modd is not capable of reprerenthg the varying vertical 

tempemure distribution h ur atrium, 

vertically stacked &-zone modeb, uring ESP-r. are Wtw than single- 

zone modeis, althou@ the acarracy migM not k as Ngh as il cou# be, 

modification d verticrÿ stacked sub-#me modrls could increase aie 

accwacy of ESP-r when modeling mth low SAR, 

Aidaive prsdicted by ESP-r are dose to the measured data, and 



a variety of dimatic conditions (several days in different reasom) are 

needed to calhate a mode1 (modding foi one day in one season is not 

enough) . 

The resub presented h this invesügation are specilic to two atriums located in 

dierent dimatic regions and for limited days. These reeub am an indicatbn of 

the validity of ESP-r as a rmmably accurate thenmal behavior pediction tool 

appropriate for More investigations shouîâ be cafried out for individual 

atriums at diiwent geographicaî kcoliok In thk saidy, median and abdute 

tempeiature diffwences behnieen simuiated and measufed data were used for 

validation of ESP-r. The nredian deviation was uwâ rather than the mean 

deviation in order to fairty rapresent the majority of temperature diitferences for 

the 24 hour perkds (mean is an appropriate average only for nmal  

distributions). 

Data thrt are of rignificant vaiue for anrlyzing thermal behavior were not 

prwided in publirhed artideo. These induded sdar radiation, ACH (infiltration 

from adjacent spaoec Md outdoors), optical pmpeilies of glated m8teriEIiIs. 
presence of hOBting or cooüng sources in atrium, 6tc. Use of the sirnuiadion 

m d e l  highlightD dgnifcmt infomrtion mat Bhguîd be recordrd during 

experimentpl rewafch. 

it is obviouc tha! this type ot investigation depench upon oie availabk of energy 

performance and thermal behavior analysis tools. it is ongoing reaewcti. The 

accuracy adrieved will grow with the devdopment of more effectÏve prediction 



pafameaic studies could k d#i. for both Ata and EECS in 

order to determine the significonce of the impact of various parameters on 

temperature pruiib in the atriums. 

r simulation ako could be done to assess the sigignificartce of the impact of 
various puameters on eneigy conoumpion of the atriums. 

r invwgations cwld be oonducted for partiaily conationed and fully 

conditioned atriums with varÏou6 h.oong/Coding systems. 

investigations cwlâ be conducted to determine the temperature profiles 

in the for places with different dimatic conditions. 

r more expimental investigations could be carrird out for atriums in a 

range of dimatic conditions with various configurations in order to idenafy 

the appropriate range of applications anâ limits ot ESP-r as an accurate 

design tod for atriums. 

more research could be carriecl out for developing condation between 

sectional aspect ratio end modiication of vertically stacked zoning 

(extension Or mon of upper zone to aie lower zones). 
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CONFIGURATfON 
# ESRU system configuration defined by f i le  
# gron-cfg 

1 # Building only 
52,000 0.000 # Latitude d Longitude 

1 0,200 # S i t e  exposure & ground refl 
DATABASES 

*pnn constr . dbl 
*mlc multicon . dbl 
*opt optics-dbl 
*prs /ust/esru/esp-r/databases/pressc.dbl 
+evn /usr/esru/esp-r/&tabases/profiles.dbl 
*clm ../../../../gronnw2 
*pdb /usr/esru/esp-r/&tabasea~pl~tc.dbl 
*ctl atctl 

PROJ LOG 
j ab. notes 
+ Building 
AZG atrium 

6 
1 

zl . opr 
zl .geo 
zl .con 

1 
zl .ut1 

2 
22. opr 
z2 .geo 
22. con 

1 
22 .ut1 

3 
z3 .opr 
23 .geo 
z3 . con 

1 
23 .ut1 

4 
z4 .opr 
z4 .geo 
z4 .con 

1 
24 . u t 1  

# no of  zones 
# reference for  zl 
# schedules 
# geometsy 
# constructions 

# reference for 22 
# schedules 
# geometry 
# constructions 

# reference for  23 
# schedules 
# geometry 
# constructions 

# reference for  24 
# schedules 
# geometry 
# constructions 



5 IC 
z5.opr # 
z5.geo # 
25-con # 

I 
25 .ut1 

6 # 
zad j S .  opr 
zadjs .geo 
zadjs .con 

O 

reference for zS 
schedules 
ge- t ry  
c o n s t ~ c t i o n s  

reference for zad js 
# schedules 
# geometry 
# constructions 

40 # numbet of connections 
1 1 2 23 O # 1 Surf-1 i n  zl >I< Constant @ 23 dC & O W 

rad 
1 
1 

rad 
1 
1 
1 
2 

rad 
2 
2 

rad 
2 
2 
2 
2 
3 

rad 
3 
3 
3 
3 
3 
4 

rad 
4 
4 

rad 
4 
4 
4 
5 

rad 
5 
5 
5 
5 
5 
5 
5 
5 
6 
6 
6 
6 
6 
6 

Surf-2 in zl is E x t e r n a l  
Surf-3 in zl Constant @ 23 dC & O W 

Surf-4 i n  zl is External 
Surf-5 i n  21 > 1 <  Surf-6 in 22 
Surf-6 in zl >1< ground prof i l e  1 
Surf-1 i n  22 > 1 <  Constant @ 23 dC & O W 

Surf-2 i n  22 is Extenial 
Surf-3 i n  z2 >le  Constant e 23 dC & O W 

Surf-4 in z2 is Extemal 
Surf-5 in z2 >I<  Surf-6 in 23 
Surf-6 i n  22 Surf-5 in zl 
Surfsa in 22 > l e  Surf6b in z5 
Surf-1 in 23 >le  Constant @ 23 dC & O W 

Surf-2 in 23 is Extemal 
Surf-3 in 23 > 1 <  Surf-6al in z5 
Surf+ in 23 is Externa1 
S u r f 4  in 23 Surf-6 in 24 
Surf-6 in 23 >1< Surf-5 in 22 
Surf-1 in 24 > I <  Constant @ 23 dC & 0 W 

Surf-2 i n  24 is  External 
Surf-3 i n  z4 >I< Constant @ 23 dC 6 O w 

Surf-4 i n  24 is External 
Surf-5 in 24 >1c Surf-6 i n  25 
Surf-6 in 24 > le  Surf-5 in 23 
S u r f - l i n  25 > I <  Constant @ 23 dC & O W 

Surf-2 in z5 is External 
Surf-3 in 25 is  adiabatic 
S u r f 4  in 25 is Extenial 
Surf-5 in 25 is E x t e n i a l  
Surf96 in 25 Surf-5 in 24 
Surf6a in zS is adiabatic 
S u r f a  in 25 > 1 <  SurfSa in  22 
Surf-6al in zS >le  Surf-3 in 23 
Surf-l in zadjs is adiabatic 
Surf-2 in zadjs is Extemal 
Surf-3 in zadjs is adiabatic 
Surf-4 in zadjs >l< Surf-2 in zl 
Surf-5 i n  zadjs is adiabatic 
Surf-6 in zadjs > I <  ground profile 1 



1 # mass f l o w  analysis info follows: 
at .mfn # leakaqe description 

p r o j  cntrl 
Builàing 

no descrip 
2 

Control funct ion 
O O O O 
O O O 

O 
1 365 
1 

O 2 0.000 
0.0 

1 365 
1 

O 2 0.000 
0.0 

1 365 
1 

O 2 0.000 
0 - 0  

* Control function 
O O O O 
O O O 

O 
1 365 
1 

O 1 0.000 
6.0 
999998. 0. O .  

1 365 
1 

O 1 0.000 
6.0 
990000. 0. 0 -  

1 365 
1 

O 1 0.000 
6 - 0  
990000. 0.  0- 

1 1 1 1 1 2  



# geometry of zl defined in: zl.geo 
GEN zl # type zone name 

8 6 0.000 # vertices, surfaces, rotation angle 
# X CO-ord, Y CO-ord, Z CO-ord 

0 , O0000 O. O0000 0,00000 # vert 1 
29,00000 O ,00000 0.00000 # vert 2 
29 .O0000 19,00000 0,00000 # vert 3 
O. O0000 19.00000 0,00000 # vert 4 
O. 00000 0 O0000 5.50000 # vert 5 
29.00000 O. O0000 5,50000 # vert 6 
29.00000 19.00000 5.50000 # vert 7 
0.00000 19,00000 5.50000 # vert 8 

# no of vertices followed by list of associated vert 
4, 1, 2 ,  6, 5, 
4, 2 ,  3 ,  7r 6, 
4, 3, 4 ,  8, 7 ,  
4, 4, 1, 5, 8, 
4,  S r  6, 7, 8, 
4 ,  L 4 ,  3 ,  2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (m) 
0.000 0.000 0,000 0,000 0.000 0.000 

3 0 0 0  # default insolation distribution 
# surface attributes follow : 
# i d  surface geom loc/ mïc db environment 
# no name type posa name other aide 

1, Surf-1 -0PAQ VERT partition CONSTANT 
2, Surf-2 OPAQ VERT ext wall EXTERIOR 
3, Surf-3 OPAQ VERT partition CONSTANT 
4, Surf-4 OPAQ VERT ext wall EXTERIOR 
5, Surf-5 TRAN CEIL ~akë-sep 22 
6, Surf-6 OPAQ FLOR gmd-floor GROUM) 

# geometry of 22 defined in: z2.geo 
GEN 22 # t y p e  zonename 

10 7 0 .O00 # vertices,  surfaces, rotation angle 
# X CO-ord, Y CO-ord, Z CO-ord 

O. O0000 O .O0000 5.50000 # vert 1 
29,00000 O. 00000 5.50000 # vert 2 
29.00000 19.00000 5.50000 # vert 3 
O. O0000 19,00000 5.50000 # vert 4 
O. O0000 0.00000 10.00000 # vert 5 
29,00000 0.00000 10.00000 # vert 6 
29,00000 19,00000 10.00000 # vert 7 
O, O0000 19.00000 10.00000 # vert 0 

29,00000 18.00000 10,00000 # vert 9 
O. O0000 18,00000 10.00000 1 veltt 10 

B no of  vertices followed by l ist  of associated vett 
4, 1, 2r 6, 5, 
5 ,  2, 3, 7, 9, 6, 



4, 3, 4, 8, 7 ,  
5, 4, 1, 5, 10, 8, 
4, S r  6, 9, 10, 
4, 1, 4, 3, 2 ,  
4, 10, 9, 7, 8, 

# nuniber of defau l t  windows within each surface 
0 0 0 0 0 0 0  

# surfaces indentat ion (ni) 
01000 0,000 0.000 0.000 0,000 0.000 0.000 

1 3 O 3 # defaul t  insolat ion d i s t r i b u t i o n  
# surface a t t r i b u t e s  follow : 
# id surface geom loc/ mïc db environment 
# no name type posn name other  side 

1, Surf-1 OPAQ VERT p a r t i t i o n  CONSTANT 
2, Surf-2 OPAQ VERT e%t w a l l  EXTERIOR 
3, Surf-3 OPAQ VERT &ition CONSTANT 
4, Surf-4 OPAQ VERT ext-wall EXTERIOR 
5, Surf-5 TRAN CEIL Fake-aep 23 
6, Surf-6 TRAN FLOR Fake-sep 21 
7, Surf5a TRAN CEIL Fake_sep z5 

# geometry of 23 defined in: z3.ge0 
GEN 23 # type zone name 

8 6 0.000 # vertices, surfaces,  rotation angle 
# X CO-ord, Y CO-ord, 2 CO-ord 

O. O0000 0.00000 10.00000 # vert 1 
29.00000 0.00000 10.00000 # v e r t  2 
29 . O0000 18,00000 10.00000 # vert 3 
O. O0000 18.00000 10.00000 # vert 4 
O . O0000 0.00000 14.50000 # v e r t  5 

29.00000 0,00000 14.50000 # vert 6 
29 . O0000 18.00000 14.50000 # v e r t  7 
O .O0000 18.00000 14.50000 # vert 8 

# no of v e r t i c e s  followed by list of associated vert 
4, 1, 2, 6, 5, 
4, 2, 3, 7, 6, 
4, 3, 4, 88 7, 
4, 4, 1, 5, 8, 
4, 5, 6, 7 ,  88 
4, 1, 4, 38 28 

# number of de fau l t  windows within each surface 
0 0 0 0 0 0  

# surfaces indentat ion (ni) 
0.000 0.000 0.000 0.000 0.000 

3 0 0 0  # default 
# surface attributes follow: 
# id surface georn loc/ 
# no name t y p e  posn 

1, Surf-1 OPAQ VERT 
2, Surf-2 OPAQ VERT 
3, Surf-3 TRAN VERT 
4, Surf-4 OPAQ VERT 

0. O00 
insolat ion d i s t r i b u t i o n  

mlc db enviromnent 
name other side 
partition CONSTANT 
e x t w a l l  EXTERIOR 
Fake-sep zS 
e x t w a l l  EXTERIOR 



5, Surf-5 TRAN CEIL Fake-sep 24 
6, Surf-6 TRAN FLOR Fake-sep 22 

# geornetry of 24 defined in: z4,geo 
GEN 24 # type zone name 

8 6 0.000 # vertices, surfaces, rotation angle 
# X CO-ord, Y CO-ord, 2 CO-ord 

O. O0000 O. 00000 14.50000 # vert 1 
29.00000 O. O0000 14.50000 # vezt 2 
29.00000 18 .O0000 14.50000 # vezt 3 
0.00000 L8.00000 14.50000 # vert 4 
O. 00000 O. O0000 17.50000 # vert 5 

29.00000 O. 00000 17.50000 # vert 6 
29.00000 18.00000 17.50000 # vert 7 
0.00000 18.00000 17.50000 # vert 8 

# no of vertices followed by list of associated vert  
4, 1 2, 6, 5, 
4, 2, 3, 7, 6, 
4, 3, 4, 8, 7, 
4, 4, 1, 5 8, 
4, 5, 6, 7, 8, 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (ml 
0.000 0.000 0.000 0,000 0.000 0.000 

1 3 O O # default insolation distribution 
# surface attributes follow : 
# i d  surface geom Lod  mïc db environment 
# no name type posn name other side 
1, Surf-1 OPAQ VERT partition CONSTANT 
2, Surf-2 OPAQ VERT ext-wall EXTERIOR 
3, Surf-3 TRAN VERT Fake-sep CONSTANT 
4, Surf-4 OPAQ VERT ext-wall EXTERIOR 
5, Surf-5 TRAN CEIL fake-sep z5 
6, Surf-6 TRAN FLûR Fake-sep 23 

# geometry of 25 defined in: z5.geo 
G R J  ZS # t y p e  zonename 

14 9 0.000 # vertices, surfaces, rotation angle 
# X CO-otd, Y CO-otd, 2 CO-ord 

0.00000 O. O0000 17.50000 # vezt 1 
29.00000 0.00000 17.50000 # vert 2 
29.00000 19.00000 10.00000 # vext 3 
0.00000 19.00000 10.00000 # vert 4 
O. O0000 0.00000 20.00000 # v e n  5 

29.00000 O .  00000 20.00000 # vezt 6 



29,00000 19,00000 20,00000 # vert 7 
0.00000 19,00000 20.00000 # vert 8 

29,00000 18.00000 10,00000 # vert 9 
0.00000 18.00000 10,00000 # vect 10 

29.00000 18.00000 17.50000 # vert 11 
0.00000 18,00000 17.50000 # vert 12 

29.00000 18.00000 14.50000 # vert 1 3  
0.00000 18.00000 14.50000 # vert  1 4  

# no of  vertices followed by list of a s s o c i a t e d  v e z t  
4, 1 2, 6, 5, 
7, 2 1 1  9, 3, 7 .  6, 
4, 3, 4, 8, 7, 
7, 4 , 1 0 , 1 4 , 1 2 ,  5 ,  8, 
4, 5, 6, 7 ,  8, 
4, 1 1 11 2, 
4, 12, 148 13, Il, 
4, 10, 4, 3, 9, 
4, 14, 10, 9, 13, 

# numbes o f  default windows within each s u r f a c e  
0 0 0 0 0 0 0 0 0  

# surfaces indentation (ml 
0.000 0,000 0,000 0.000 0 ,000  0.000 01000 0.000 0.000 

2 8 9 -1 I d e f a u l t  insolat iondistribution 
# s u r f a c e  attributes f o l l o w  : 
# i d  s u r f a c e  geom l o c /  mlc db environment 
# no name type posn name other side 

1, Surf-1 OPAQ VERT p a r t i t i o n  CONSTANT 
2, Surf-2 OPAQ VERT e%ttwall EXTERIOR 
3, Surf-3 OPAQ VERT paxtition ADIABATIC 
4, Surf-4 OPAQ VERT ext-wall EXTERfOR 
5, Surf-5 TRAN CEIL dbl-glz EXTERI OR 
6,  Surf-6 T !  FLOR Fake-sep 24 
7, S u r f 6 a  TRAN VERT Fake-sep ADIABATIC 
8, S u i  6b TRAN FLOR Pake-sep 22 
9, Surf -6a l  TRAN VERT Fake-sep 23 

# geometry of zadjs defined in:  zadjs .geo  
GEN z a d j  # type zone name 

8 6 0.000 # v e r t i c e s ,  sur faces ,  rotat ion angle 
# X CO-ord, Y CO-ord, 2 CO-ord 

29,00000 O.  O0000 0.00000 # vert  1 
58.00000 0. O0000 0.00000 # vert 2 
58 .O0000 19.00000 0.00000 # vert 3 
29.00000 19,00000 0 ,00000 # vert 4 
29.00000 0.00000 5 .S0000 # vert 5 
58.00000 O. O0000 5.50000 # vert 6 
58.00000 19.00000 5 ,50000 # vert 7 
29,00000 19.00000 5.50000 # vert 8 

# no of vertices followed by list of associated vert 
4, 1, 2, 6, 5, 
4, 2, 3, 7 ,  6, 
4, 3, 4, 8, 7, 



4, 40 1 0  5, 8, 
4, S r  6, 7, 8, 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (m) 
0.000 0,000 0.000 o*ooo 0,000 0.000 

3 0 0 0  # default insolation distribution 
# surface attributes follow: 
# id  surface geom loc/ mlc db environment 
# no name type posn name other side 
1, Surf-1 OPAQ VERT ext wall ADIABATIC 
2, Surf-2 OPAQ VERT e x t ü a l l  EXTERIOR 
3, Surf-3 OPAQ VERT extIuall ADLABATIC 
4, Surf-4 OPAQ VERT ext wall zl 
5, Surf-5 OPAQ CEIL roof ADIABATIC 
6, Surf-6 OPAQ FLOR grnd-floor GROUND 

t thermophyslcal propertres o f  zl defrned rn 21-con 
# no o f  l air I surface (f rom geo) l rnul t~ layer  constructron 
I layers l gapsl no- name I database name 

3, 1 # 1 Surf-1 paztrt ion 
4, 1 # 2 Surf-2 ext-wal l  
3, 1 # 3 Surf-3 partit lori 
4, 1 # 4 Surf-4 ext-wa 1 l 
1, O # 5 Surf-5 Fa ke-sep 
6, 1 # 6 Surf-6 grnd-f loor 

# air gap posrtron C rearstance for surface 1 
2, 0.170, 

I axr qap p o s ~ t ~ o n  & res i s tance  f o r  surface 2 
2, 0.170. 

# air gap p o s ~ t x o n  r res l s tance  f o r  surface 3 
2, 0.170, 

# arr gap posrtxon 6 res i s tance  for surface 4 
2, 0.170, 

# arr gap pos i t ron  L res l s tance  for surface 6 
4, 0.170, 

0.5100, 1400.0, 
0.0000, 0.0, 
0 . 4200, LZOO. O, 

210.0000, 2700. O, 
O. 0000, 0.0, 
0 . 0400, 12. O, 
0.5100, 1400.0, 
0.5100, 1400.0, 
0 .oooo, 0.0, 
0,4200, 1200.00 

210.0000, 2700. O, 
0.0000, 0.0, 
0 . 0400, 12.0, 
0.5100, 1400-0, 
0.7600, 2710.0, 
1.2800, 1460.0, 
0.5200, 2050.0, 
1.4000, 2100.0, 
0.0000, 0.0, 
0.1500, 800.0, 
0. 0600, 186.0, 

I for each surface: l n s ~ d e  
0.91 0.90 0-91 0.90 0.83 

1000 ,O, o. 1000, 
o,o, 0.0500, 

837.  O, 0.0130, 
880.0, 0-0030, 
0.0, 0.0250, 

840. O, O. 0800, 
1000.0, 0.2000, 
1000 .O, o. 1000, 

0.0, 0.0500, 
037.0, O.Ol30, 
880.0, 0.0030, 
0.0, 0.0250, 

840.0, 0.0800, 
1000.0, 0.2000, 
837.0, 0,0010, 
879.0, 0.2500, 
184.0, O. 1500, 
653.0, O. 1500, 
0.0, 0.0500, 

2093.0, 0-0190, 
1360.0, 0.0060, 
face  emissrvrty 
0.90 

I conduc- 1 densrty I spec~fic I thlck- ldpndf 
t t rv i ty  I I heat I ness (ml 1 type l 

O. 

f. I temp. Imoisturel sur 
temp I factor 1 factor I 

f l lyr 
1 

# L 1 
# 2 
t 3 
# 2 L  
t 2 
t 3 
# 4 
# 3 1  
# 2 
# 3 
1 4 3  
# 2 
t 3 
# 4 
# S I  
# 6 1  
# 2 
t 3 
t 4 
t 5 
t 6 



t f o r  each su r face :  outszde  f ace  ermssxvrty 
0.90 0.22 0.90 0-22  0.83 0.90 

# for each surface: rnsrde face s o l a r  a b s o r p t i v ~ t y  
0-50 0.65 0-50  0.65 0.05 0-60  

t f o r  each surface:  o u t s l d e  face  s o l a r  absorpt rvr ty  
0 - 6 5  0.20 0.65 0.20 0.05 0 -85  

t rns ide  and e x t e r r o r  g l a z i n g  maintenance f a c t o r s  
0.00 0 -00  

# thermophysrcal p r o p e r t i e s  o f  22 de f ined  I n  22-con 
t no of l a r r  Isurface(f rom geol t  mul t l l aye r  const ruct ron 
# l aye r s  lqapsl no. name t database  name 

3, 1 # 1 Surf-1 p a r t z t i o n  
4, 1 t 2 Surf-2 ext-uall 
3, 1 # 3 Surf-3 p a r t z t i o n  
4, 1 # 4 Surf-4 ext-ual l 
1, O # 5 Surf-5 Fake-sep 
1. O # 6 Surf-6 Pake-sep 
1, O # 7 SurfSa Fake-sep 

# a i r  gap pos l t zon  L r e s i s t a n c e  f o r  s u r f a c e  1 
2, 0.170, 

t a x  gap p o s r t i o n  L r e s i s t a n c e  f o r  s u r f a c e  2 
2, 0.170, 

# a i r  gap p o s l t i o n  L r e s i s t a n c e  f o r  s u r f a c e  3 
2, 0-170, 

# a i r  gap p o s l t l o n  & r e s r s t a n c e  f o r  s u r f a c e  4 
2, 0-170. 

# conduc- I denszty  I s p e c i f i c  1 thzck- ldpndl 
t trvrty I I heat I ness (ml l type  l 

0-5100, 1400.0, L000-0, 0.100Of 0, 
0.0000, 0.0, 0.0, 0.0500, O, 
0-4200, 1200-0, 837.0, O*0L3Of O, 

210.0000, 2700.0, 880-0, 0.0030, 0, 
O -0000, 0.0, 0.0, 0.0250, O, 
0.O40Of 12-01 840.0, 0.0800, O, 
0.5100, L400.0, LOOO,O, 0.2000, 0, 
0-5100, L400-O, L000.0, 0,1000, 0, 
O .OOOO, 0-0,  0.0, 0.0500, O, 
0 -4200, 1200.0, 837.0, 0.0130, O, 

210-0000, 2700.0, 880.0, 0.0030, O, 
0 ,0000, O. O, 0.0, 0.0250, 0, 
O ,0400, 12.0, 840.0, 0-0800, O, 
O-5LO0, 1400.0, 1000.0, 0,2000, 0, 

ref. 1 
temp I 

0-00, 
0.00, 
0.00, 
0.00, 
0.00, 
0-00, 
o. 00, 
0.00, 
0.00, 
0.00, 
O .ao, 
o. 00, 
0 -00, 
0.00, 

0.7600, 2710.0, 837.0, 0.0010, O, 0-00, 
0.7600, 27LO-O, 837-0, 0-0010, O, 0.00, 
O - 7 600, 2710 . 0, 837.0, 0.0010, 0, 0.0O1 

t f o r  each su r face :  i n s l d e  face  e m i s s z v ~ t y  
0.91 0.90 0.91 0-90 0.83 0.83 0.83 

# for each surface:  ou t szde  f a c e  e m i s s i v ~ t y  
0.90 0 -22  0-90 0.22 0.83 0.03 0.83 

# f o r  each surface: ~ n s r d e  f a c e  solar absorp t iv r ty  
0.50 0.65 0.50 0.65 0-05  0.05 0.05 

# f o r  each surface:  o u t s i d e  f ace  s o l a r  absorp t rv i ty  
0.65 0.20 0.65 0.20 0.05 0.05 0.05 

t insrde and e x t e r i o r  g l a z i n g  maintenance factors 
0-00 0-00  

temp- lmoisturel  s u r f i l y r  
factor l f a c t o r  I I 
0.00000, 0.00000 t 1 1 
0.00000, 0 ~ 0 0 0 0 0  t 2 
0.00000, 0.00000 t 3 
0,00000, 0 ~ 0 0 0 0 0  t 2 L 
0.00000, 0,00000 # 2 
0 ~ 0 0 0 0 0 ,  0.00000 # 3 
0.00000, 0.00000 @ 4 
0.00000, 0.00000 t 3 L 
0 ~ 0 0 0 0 0 ,  0.00000 @ 2 
0 ~ 0 0 0 0 0 ,  0.00000 # 3 
0.00000, 0.00000 # 4 1 
0.00000, 0.00000 # 2 
0.00000, 0,00000 t 3 
0 ~ 0 0 0 0 0 ,  0.00000 # 4 
0~00000 ,  0.00000 t 5 1 
0.00000, 0.00000 t 6 1 
0.00000, 0.00000 # 7 1 



# thennophysical properrzes of 23 deflned l n  23-con 
# no of ! a i r  tsarface(from geo)l  multi layer cons tmct ron  
# layers 1 gaps 1 no. name 1 database name 

3, L # 1 Surf-1 p a r t r t l o n  
4 , L # 2 Surf-2 ext-waïl 
11 O # 3 Surf-3 Fake-sep 
4, 1 # 4 Surf-4 ext-wall 
1 I O # 5 Surf-5 Fake-sep 
1 Y O # 6 Surf-6 Pake-sep 

# a r r  qap p o s l t l o n  6 r e s i s t a n c e  f o r  su r face  L 
2, O.l7O, 

# a r r  gap p o s i t r o n  & reszs tance f o r  su r face  2 
2, 0.170, 

# a i r  gap p o s l t l o n  r res r s tance  f o r  su r face  4 
2, 0-170, 

# conduc- I dens l ty  1 s p e c l f i c  I thlck- ldpndl ref. 1 temp. rmozsturel s u r f l l y r  
# txv l ty  I I heat  1 ness (ml 1 type l temp I f a c t o r  1 fac to r  I I 

0.5100, 1400.0, 1000.0, 0.1000, 0, 0.00, 0-00000, 0.00000 # 1 L 
0,0000, o. O, 0-0, o,osoo, O, o,oo, o,oooou, o.ooooo t z 
0.4200, 1200.0, 837,0, 0,0130, O, 0.00, 0,00000, 0.00000 t 3 

210 .00008 2700.0, 880,0, 0-0030, O, 0.00, 0.00000, 0,00000 # 2 L 
O, 0000, 0.0, 0-0, 0.0250, O, 0-00, O-00000, o.ooooo B 2 
0 .0400r 12.0, 840.0, 0.0800, O, 0.00, 0.00000, 0.00000 # 3 
0,5100, L400.0, L000.0, 0,2000, 0, 0.00. 0.00000, 0,00000 # 4 
0.7600, 2710.0, 837-0, 0.0010, O, 0.00, 0.00000, 0.00000 # 3 1 

210.0000. 2700.0, 880.0, 0.0030, 0, 0.00, 0.00000, 0,00000 # 4 L 
0.0000, O. O, 0.0, 0.0250, 0, 0.00, 0.00000, 0.00000 # 2 
0,0400, 12.0, 840.0, 0.0800, 0, 0.00, 0.00000, 0,00000 # 3 
0.5100, 1400.0, lO00.0, 0.2000, O, 0.00, 0.00000, 0.00000 # 4 
0,7600, 2710.0, 837-0, 0,0010, O, 0.00, O100OOO, 0-00000 # S 1 
O. 7600, 2710 - O, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 # 6 L 

# f o r  each surface:  r n s ~ d e  face  enussivr ty  
0.91 0.90 0.83 0-90 0.83 0.83 

# f o r  each surface:  ou t s lde  face ermssivity 
0.90 0.22 0.83 0.22 0.83 0-83 

# f o r  each surface:  rns lde  face  s o l a r  absorp t rv r ty  
0.50 0.65 0.05 0.65 0.05 0.05 

# f o r  each surface:  ou t s rde  face s o l a r  absorp t rv r ty  
0.65 0.20 0.05 0.20 0.05 0-05 

# insrde and e x t e r i o r  glazanq mamtenance f a c t o r s  
0.00 0.00 

Constnictkn flb for Zone 4 

# thermophysrcal p roper t l e s  of 24 d e f ~ n e d  l n  z4.con 
# n o  o f  l a z r  1 surface(from geo) 1 mult l layer  construction 
b layers  1 gaps 1 no, name I database name 

3 L li 1 Surf-1 p a r t i t i o n  
4 , L li 2 Surf-2 ext-wal 1 
Ir O 1 3 Surf-3 Fake-sep 
4 , I # 4 Surf-4 ext-wall 
1, O # S Surf-5 Fake-sep 
1, O # 6 Surf-6 Fake-sep 

1 alr gap pos r t ion  r reszs tance f o r  surface  i 
2, O -  170, 

# a r r  gap p o s i t l o n  L r e s l s t a n c e  for  surface  2 
2, 0.170, 

# alr gap p o s l t r o n  C reszs tance for  surface  4 
2, 0.170, 

# conduc- I dens i ty  1 s p e c l f i c  I th tck-  ldpndl ref. i temp- Imo1sturel s u r f l l y r  
# t t v i t y  I 1 heat 1 ness(m)ltypel temp 1 f a c t o r  I f a e o r  1 I 

0,5100, 1400-0, 1000.0, 0.1000, O, 0.00. 0.00000, 0.00000 # 1 L 
0.0000, 3,0, 0.0, o.osoo, O, 0.00, O.OOOOO, O.OOOOO # 2 



0 -4200, 1200 .O, 837.0, 0.0130, O, 0.00, 0.00000, 
210.0000, 2700.0, 880.0, 0.0030, O, O.OO, 0.00000, 
0.00008 0.0, 0-0, 0,0250, 0, 0-00, 0.00000, 
O -0400, 12-0, 840.0, 0,0800, O, 0-00, 0.00000, 
0,5100, 1400.0, 1000.0, 0.2000, 0, O.OO, 0,00000, 
0.7600, 2710.0, 837.0, 0.0010~ O, 0-00, 0,00000, 

210.0000, 2700.0, 880.0, 0,0030, O, 0.00, 0-00000, 
o. 0000, 0.0, 0.0, 0,0250, O, 0-00, 0.00000, 
0,0400, 12.0, 840-0, 0.0800, 0, 0-00, 0-00000, 
0,5100~ L400-0, 1000-0, 0.2000, 0, 0.00, O-OCOOO, 
0,7600, 2710.0, 837.0, 0.0010, O, 0-00, 0.00000, 
0,7600, - 2730.0, 837.0, 0,0010, 0, 0.00, 0,00000, 

# for each surface: Insrde face ermsszvity 
0.91 0.90 0.83 0.90 0.83 0.83 

# for each surface: outs~de face emxssivity 
0.90 0.22 0-83 0.22 0.83 0.83 

# for each surface: lnstde face solar absorpt~vrty 
0-50 0.65 0.05 0.65 0.05 0.05 

# for each surface: outaide face solar absorptivity 
0.65 0.20 0.05 0.20 0.05 0.05 

t lnside and exterior glazlng maintenance factors 
0-00 0.00 

t thennophysical properties of z5 defined In z5,con 
t no of  lalr  Isutfaceifrom geoll mult~ layer  construction 
# layerslqapsl no-  name 1 database name 

3 r  1 # 1 Surf-1 partltron 
4 8 1 # 2 Surf-2 ext-wall 
3 8 1 1) 3 Surf-3 partitron 
4 8 1 # 4 Surf-4 ext-wall 
3 8 1 # 5 Surf-5 dbl-gl z 
1, O # 6 Surf-6 Fake-sep 
1, O # 7 Surf6a Fake-sep 
1, O # 0 Surfab Fake-sep 
1, O # 9 Surf-6al Fake-sep 

# air gap position L resxstance for surface 1 
2, 0-170, 

t arr gap posrtion C resrstance for surface 2 
2, 0-1708 

# axr gap posLtzon C reaistance for surface 3 
2, 0,170, 

# a l r  gap posrtlon s reslstance for surface 4 
2, 0.170, 

# arr gap posrtlon L realstance for surface 5 
2, 0.170, 

# conduc- 1 
# t1vity 1 

0.5100, 
0~0000, 
0,4200, 

210.0000, 
0,0000, 
0,0400, 
0,5100, 
0,5100, 
0.0000, 
0.42008 

210 .oooo, 
0.0000, 
O. 0400, 
0 .SlOO, 
0.7600, 
0 .oooo, 
0.7600, 

denslty 1 specif ic  I 
1 heat I 

1400.0, 1000.0, 
O. 0, 0.0, 

lZoo.08 837-0, 
2700 .O, 880.0, 

0.0, 0.0, 
12.0, 840. O, 

1400.0, 1000.0, 
1400.0, 1000-0, 

O. O, 0.0, 
1200.0, 837.0, 
2100.0, 880.0, 

0.0, 0.0, 
12-0, 840.0, 

1400.0, 1000.0, 
2710.0, 837.0, 

0.0, 0.0, 
2710.0, 837.0, 

thick- ldpndl 
ness (ml 1 type l 
0,1000, O, 
0.0500, 0, 
0.0130, O, 
0.0030, O, 
0,0250, Or 
0.0800, 0, 
0.2000, 0, 
0.1000, O, 
0.0500, O, 
0.0130, 0, 
0.0030, O, 
0.0250, O, 
0.0800, O, 
0.2000, O, 
0.0060. 0, 
0.0120, 0, 
0,0060, O, 

tmp. lmorsturel surfllyr 
factor I factor 1 I 
0,00000, 0.00000 # 1 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 2 1 
0,00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 4 
0.00000, 0.00000 # 3 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 4 1 
0.00000, 0.00000 # 2 
0~00000, 0.00000 1 3 
0.00000, 0.00000 # 4 
0.00000, 0.00000 # 5 1 
0.00000, 0.00000 # 2 
0.00000, o.ooooo t 3 



0.7600, 2710.08 837-0, 0-0010, 0. 0.00, 0-00000, 0.00000 # 6 1 
0.7600, 2710.08 837.0, 0.0010, 0, 0.00, 0-00000, 0.00000 t 7 1 
0.7600, 2710.0, 837-0, 0.0010, 0, 0-00, 0.00000, 0-00000 t 8 1 
0.7600, 2flO.O, 837.0, 0.0010, 0, 0-00, 0.00000, 0.00000 t 9 1 

f o r  each su r f ace :  i n s i d e  f a c e  e n u s s r v x y  
0.91 0.90 0.91 0.90 0.83 0.83 0.83 0.83 0-83  
f o r  each su r f ace :  o u t s r d e  face ermssinty 
0.90 0.22 0.90 0-22  0.83 0.83 0.83 0.83 0.83 
for each su r f ace :  zn s tde  f a c e  s o l a r  a b s o r p t r v r t y  
0.50 0.65 0.50 0.65 0.05 0.05 0.05 0.05 0.05 
f o r  each su r f ace :  o u t s r d e  f ace  solar absorpt~vity 
0.65 0-20  0.65 0.20 0.05 0.05 0.05 0.05 0.05 
r n s i d e  and  e x t e r l o r  glazlnq maintenance f a c t o r s  
0-00 0.00 

t thermophys lca l  p r o p e r t i e s  o f  zad] d e f i n e d  l n  rad3,con 
# no  of l a x r  f su r f ace ( f rom geo) 1 m u l t ~ l a y e r  c o n s t m c t r o n  
t layers l qaps I no. name I d a t a b a s e  narne 

4, 1 # 1 Surf-1 ex t -ua l l  
4 8 1 # 2 Surf-2 ext-val1 
4, 1 1 3 Surf-3 ext-wall 
4, 1 # 4 Surf-4 ext-wall 
4 ,  1 # 5 Surf-5 roo f  
6,  1 1 6 Surf-6 grnd-f loor 

t azr g a p  pos l t xon  c r e s r s t a n c e  for s u r f a c e  L 
2, 0.170, 

t a l r  g a p  p o s l t z o a  6 r e sxs t ance  f o r  s u r f a c e  2 
2, 0-170, 

t azr gap p o s i t r o n  & r e s l s t a n c e  f o r  s u r f a c e  3 
2, 0-170, 

# a x  qap p o s i t r o n  c r e s l s t a n c e  f o r  s u r f a c e  4 
2, 0.170, 

# air qap p o s l t r o n  r r e s l s t a n c e  f o r  s u r f a c e  5 
2, 0.170, 

# a l r  g a p  p o s i t r o n  r r e sxs t ance  f o r  s u r f a c e  6 
4, 0.170, 

# conduc- 1 
# t l v l t y  1 

210~0000 ,  
0.0000. 
0-0400, 
0,5100, 

210~0000 ,  
0 .oooo, 
O ,0400, 
0.5100, 

2LO -0000, 
O ,  0000, 
0.0400, 
0,5100, 

210.0000, 
o. 0000, 
0 -0400, 
O .SlOO, 

210 .oooo, 
O.  0000, 
0.0400, 

210 .oooo, 
L .2800, 
0.5200, 
1.4000, 
o.  0000, 
O .  1500, 
O .O6OO, 

d e n s l t y  I s p e c i f r c  t t h r ck -  ldpndl 
I heat I n e s s  tm) l t y p e  l 

ref- I 
temp I 

0.00, 
0.00, 
0-00, 
0-00, 
0.00, 
O -00, 
0.00, 
0 .OO, 
0.00, 
0 -00, 
O .O08 
0 -00, 
0.00, 
0 -00, 
O -00, 
0-00, 
0.00, 
0 .O01 
O ,008 
0.008 
0.00, 
0.00, 
0.00, 
0.00, 
o. 00, 
a. 00, 

temp, lmorsture l s u r f  l l y r  
f a c t o r  I f a c t o r  I l 
0~00000 ,  0-00000 # 1 1 
0.00000, o.ooooo t 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 4 
0.00000, 0.00000 # 2 L 
0.00000, 0.00000 # 2 
0.00000, 0 ~ 0 0 0 0 0  t 3 
0.00000, 0.00000 # 4 
0~00000 ,  0.00000 1 3 1 
0.00000, 0.00000 t 2 
0.00000, o.ooooo # 3 
0.00000, 0.00000 # 4 
0.00000, 0.00000 # 4 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 t 3 
0.00000, 0.00000 # 4 
0.00000, 0.00000 t 5 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0-00000, 0.00000 t 4 
0100000, 0-00000 t 6 1 
0.00000, 0.00000 t 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 t 4 
0.00000, 0.00000 # 5 
0.00000, 0.00000 t 6 



# for each surface: rnslde face emrssxvrty 
0.90 0.90 0.90 0-90 0.22 0-90 

# for eacb surface: outsrde face emissrvrty 
0.22 0-22 0.22 0 - 2 2  0 - 2 2  0-90 

# for each surface: rnslde face solar absorptlvlty 
0.65 0-65 0-65 0.65 0.20 0-60 

# for each surface: outslde face solar absorptzvxy 
0.20 0-20 0.20 0.20 0.20 0-05 

# rnsrde and exterior glazrng maintenance factors 
0.00 0.00 

# operations of zl def ined  in:  
# zl.opr 
nil-operationa # operat ion nama 
# control(no flow con t ro l  ), low 6 high se tpo in t s  

O o. O00 O O00 
O # no Weekday flow periods 
O # no Saturday flow periods 
O # no Sunday flow per iods  
O # no Weekday casual gains 
O # no Saturday casual  gains 
O # no Sunday casual gains  

# Labels f o r  gain types 
Occupt Lights Equipt 

# operatioas of 22 def ined in:  
# z2.opr 
n i 1  operations # operat ion name 
# ccntrol (no flow con t ro l  ), low & high se tpo in t s  

O o. 000 0.000 
O # no Weekàay flow periods 
O # no Saturàay flow perio& 
O # no Sunday flow per iods  
O # no Weekday casua l  gains 
O # no Satusday casual gains 
O # no Sunday casual  gains 

# Labels for gain types 
Occupt Lights Equipt 

# operationa of 23 defined in: 
# ~ 3 . 0 p r  
nil-operations # operation name 
# control  (no flow con t ro l  1,  low 6 high se tpo in t s  

O O. O00 O .  O00 
O # no Weekday flow per iods  
O # no Saturday flow periods 
O # no Sunday flow periods 
O # no Weekday casual  gains  



O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain types 
Occupt Lights Equipt 

# operationa o f  24 defined in: 
# z4.opr 
nil-operations # operation name 
# control  (no flow control 1, low & high setpoints 

O 0. O00 0.000 
O # no Weekday flow periods 
O # no Ssturùay flow periods 
O # no Sunday flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain types 
Occupt Lights Equipt 

# operations of zS defined in: 
# z5.opr 
nil-operations # operation name 
# control  (no flow control ), low 6 high se tpo in t s  

O O ,  O00 0. O00 
O # no Weekday flow periods 
O # no Saturday flou periods 
O # no Sunday flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain  types 
Occupt t i g h t s  Equipt 

# operations of zadj defined in:  
# zad j . opr 
nil-operations # operation name 
# control (no f low control ), l o w  & high se tpo in t s  

O 0.000 0.000 
O # no Weekday flow periods 
O # no Saturday flow periods 
O # no Sunday flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain types 
Occupt Lights Equipt 



# transparent properties of  zl defined in zl.tmc 
6 # surfaces 

# tmc index for each surface 
0 0 0 0 1 0  
1 # layers 

# Transmission @ 5 angles & vis ible  tr. 
0.985 0 .985  0.985 0.985 0 .985  0.990 

# For each layer absorption @ 5 angles 
0 .001  0 , 0 0 1  0.001 0.001 0 .001  
O i blind/shutter control flag 

# transparent properties of 22 defined i n  22.txuc 
7 # surfaces 

# tmc index for each surface 
0 0 0 0 1 1 1  
1 # layers 

# Transmission @ 5 angles & visible tr. 
0.985 0 .985  0.985 0.985 0.985 0.990 

# For each layer absorption @ 5 angles 
0 .001  0 , 0 0 1  0.001 0 .001  0 .001  
O # blind/shutter control flag 

# transparent properties of 23 defined in  23.tmc 
6 # surfaces 

# tmc index for each surface 
O 0 1 0 1 1  
1 # layers 

# Transmission @ 5 angles & vis ible  tr. 
0.985 0 ,985  0.985 0.985 0 .985  0 .990  

# For each layer absorption @ 5 angles 
0 .001  0 .001  0 .001  0 .001  0 . 0 0 1  
O # b l i n d h h u t t e r  control f lag  

# transparent properties of 24 defined i n  z4.tmc 
6 #surfaces 

# tmc index for each surface 
0 0 1 0 1 1  
1 # layers 

# Transmission e 5 angles 6 visible tr. 
0.985 0.985 0.985 0.985 0.985 0.990 



# For each l aye r  absorption C S angles 
0.001 0.001 0.001 0.001 0.001 
O # b l i n d h h u t t e r  control  flag 

# t ransparent  proper t ies  of 25 defined i n  z 5 . m ~  
9 # surfaces 

# tmc index f o r  each surface 
O 0 0 0 1 2 2 2 2  
3 # layers 

# Transmission @ 5 angles d v i s i b l e  tr. 
0-611 0.583 0.534 0.384 0,170 0.760 

# For each l aye r  absorption C 5 angles 
0-157 0.172 0.185 0,201 0,202 
0.001 0.002 0,003 0,004 0.005 
0,117 0,124 0.127 0.112 0,077 
O # b l i n d k h u t t e r  control  flag 
1 # layers 

# Transmission @ 5 angles & v i s i b l e  tr. 
0,985 0.985 0.985 0,985 0,985 0.990 

# For each l aye r  absorption @ 5 angles 
0.001 0.001 0.001 0.001 O-001 
O # b l i n d k h u t t e r  control  f l a g  

UtllHy flk for Zom 1 

instanced i n  file # ûp t iona l  zone fi les for 21 
# zl.utl 

O # t i r n e - s t e p a i r f l o w  
O # time-step casual gains 
O # view factors  
O # shading/ insolat ion 
O # convective heat  t r a n s f e r  coef f ic ien ts  
O # bl ind /  shu t t e r  cont ro l  
1 # transparent construction data 

21-tmc 
O # casual  gain control  
O # obstructions 
O # cont ro l  volumes 
O # connections 
O # nodes coordinates 
O d node8 temperature 
O # domain f lou data 
O # moisture da ta  



instanced i n  file # ûpt ional  zone f i l e s  for 22 
# z2.ut l  

O # time-step air flow 
O # time-step casual gains 
O # view fac tors  
O # shading/ insolat ion 
O # convective heat t r a n s f e r  coef f ic ien ts  
O # blind/ shu t t e r  cont ro l  
1 # transparent construction data 

z2.tmc 
O # casual ga in  control  
O # obstructions 
O # control  volumes 
O # connections 
O # nodes coordinates 
O # nodes temperature 
O # domain flow àata 
O # moisture &ta 

instanced i n  f i l e  # ûpt ional  zone files f o r  23 
# z3.utl 

O # t ixne-s tepa i r f low 
O # time-step casual gains 
O # view fac tors  
O # shading/ insolat ion 
O # convective heat t r a n s f e r  coe f f i c i en t s  
O # blind/ shu t t e r  control  
1 # transparent construction &ta 

~3.tmc 
O # casual gain control  
O # obstructions 
O # control  volumes 
O # connections 
O # nodes coordinates 
O # nodes tempezature 
O # domain f low data 
O # moisture data  

instanced in f i le  # ûpt ional  zone f i l e s  for 24 
# z4.utl 

O # t i m e - s t e p a i r f l o w  
O B time-step casual gains 
O # view fac tors  
O # shading/ insolat ion 
O # convective heat transfet coefficients 





or102 40 3 O Common o r i f i c e  v o l ,  flow rate comp. m = 
rho . f (Cd, A, rho, dP 

1,00000 20.0000 O.  630000 
skyor 40 3 O Conanon o r i f i c e  v o l .  flow rate comp , m = 

rh0.f (Cd,A,rho,dP) 
1.00000 2,00000 O.  630000 

a t o r  40 3 O Cownon o r i f i c e  v o l  . f low rate coinp. m - 
rh0.f (Cd,A,rho,dP) 

1.00000 40.0000 O.  630000 

+Node 
zln 
z2n 
z3n 
z4n 
zSn 
nlon 
zad jn 

-Node 
z2n 
z3n 
z4n 
z5n 
nhin 
zad jn 
zln 

CO- Snodl Snod2 
a t o r  
ator 

a t o r  
ator 
skyor  
o r l o l  
or102 

8 4 7 1.000 (nodes, coniponents, connections, w u l d  
reduction) 
Node Fld. Type Eeight Temperature Data 1 
z ln  1 O 1.0000 20.000 -0 . 
z2n 1 O 8,0000 20.000 0. 
23n 1 O 12.000 20 , O00 0. 
z4n 1 O 16.500 20.000 O O 

z5n 1 O 19.000 20.000 O . 
zad jn 1 O 1.0000 20.000 O .  
nlon 1 3 1,0000 O O 1.0000 
nhin 1 3 22.000 O.  1.0000 
Comp Type C+ L+ Description 
o r l o l  40 3 O Common o r i f i c e  v o l .  flow rate comp. 

rho , f (Cd, A, rho, dP) 
1 ,00000 20 , 0000 O.  630000 

or102 40 3 O Coirrmon o r i f i c e  v o l .  flow rate comp. 
rho. f (Cd, A, rho, dP 1 

1.00000 20.0000 O. 630000 
skyor 40 3 O Conimon o r i f i c e  v o l ,  f l o u  rate comp. 

rho , f (Cd, A, rho, dP 1 
1.00000 40.0000 0.630000 

ator 40 3 O Conimon o r i f i c e  vo l .  f l o u  rate comp. 
rho . f (Cd, A, rho, dP 

1.00000 40.0000 O.  630000 

+Node 
zln 
z2n 
z3n 
Z4n 
zSn 
nlon 
zadjn 

-Node 
z2n 
z3n 
z4n 
z5n 
nhin  
zad jn 
zln 

Co- Snodl Snoà2 
ator 
atoc 
ator 
ator 
skyor  
o r l o l  
or102 

Data 2 
3l0n.  0 
2500.0 
2500.0 
1700.0 
1400, O 
3000.0 

O .  
O .  



WertnsrfüeforAZQ~m 
# asc i i  climate file from /usr/esru/esp-r/climate/cIm67 b i n q  db, 
# defined in:  aaclim-asc 

&y 10 month 3 

"CLIMATE 
# ascii climate file from /usr/eatu/esp-r/clim;ite/ch67 binary db, 
# defined in: gronnwl-asc 
# col 1: Diffuse s o h r  on the horizontal (W/me*2) 
# col 2: External bu- temperature (Tenths DEG.C) 
# col 3: Direct n o m l  solar intensity (W/m**S) 
# col 4: Prevailing wind speed (Tenths d a )  
# col 5 : Wind direction (clockwise deg from north) 
d col 6 :  Relative hunûdity 
Groningen cliiaate # s i te  

# year, 
# period 

30 
15 
10 
10 
5 
O 
S 

15 
20 
15 
2s 
35 
30 
35 
35 
25 
35 
70 
85 
85 
95 

100 
80 
45 

30 
15 
10 
10 

5 
O 
5 
15 
20 
15 
25 
35 
30 

(Percent 
name 
latitude, long diff, rad flag 
(julian &YS) 







Contigumîion flk 

* CONFIGURATION 
# ESRU system configuration defined by file 
# six.cfg 

I # Building only 
42.000 0.000 # Latitude 6 Longitude 

1 0.200 # Site exposure & ground tefl  
DATABASES 

*prm constr .db l  
*mlc multicon . dbl 
*opt optics  .dbl 
*prs /usr/esru/espr/dat~3es/press~.dbî 
*evn /usr/esru/esp-r/&tabases/profiles.&l 
*clm . . / . . /detch-bin4 
*pdb /uar/esru/esp-r/&tabases/plantc.dbl 
+c t l  a t c t l  
+ PROJ LOG 
job .notes 
* B u i l d i n g  
six zone mode1 -solar penetration 

7 # no o f  zones 
1 

z l  .op$ 
z l  .geo 
zl. con 

1 
21 *ut1 

2 
22. opr 
22. geo 
22 .  con 

1 
22 .ut1 

3 
23 .opr 
z3 .geo 
23.  con 

1 
23 .ut1 

4 
2 4 .  opr 
24 .geo 
24. con 

1 
z4 .ut1 

5 
25.  opr 
z5 . g eo  

# reference for z l  
# schedules 
# geometry 
# constructions 

# reference for 22 
# achedules 
# geometry 
# constructions 

# reference for 23 
# schedules 
# geometry 
# constructions 

# reference for 24 
# schedules 
# geometry 
# constructions 

# reference for 25 
# schedules 
# geometry 



25. con 
1 

25 .ut1 
6 

26 .opr 
26 .geo 
26,  con 

1 
z6.utl  

7 
zad j . opr 
zad j .geo 
zadj .con 

O 
46 

1 
1 
1 

rad 
1 
1 
1 
2 

rad 
2 
2 

rad 
2 
2 
2 
3 

rad 
3 
3 

rad 
3 
3 
3 
3 
4 

rad 
4 
4 

rad 
4 
4 
4 
5 

rad 
5 
5 

rad 
5 
5 
5 
6 
6 
6 
6 
6 

# constructions 

# reference for 26 
# schedules 
# georizetry 
# constructions 

# reference for zadj 
# schedules 
# geometry 
# constructions 

# number of connections 
Surf-1 in z l  >Ic Surf-3 in zadj 
Surf-2 in z l  is Externaï 
Sutf-3 in zl > le  Constant @ 23 dC & 

Surf-4 in zl is External 
Surf-5 in zl > Ic  Surf-6 in 22 
Surf-6 in  zl > I < ground profi le  1 
Surf-l  i n  22 W C  Constant @ 23 dC & 

Surf-2 in 22 is External 
Surf-3 in 22 WC Constant @ 23 dC 6 

Surf-4 in 22 is External 
Surf-5 in 22 >I< Surf-6 in 23 
Surf-6 i n  22 > l< Surf-5 i n  21 
Surf-1 in 23 >1< Constant @ 23 dC 6 

Surf-2 in 23 is Extemal 
Surf-3 in 23 WC Constant @ 23 dC & 

Surf-4 in 23 is External 
Surf-5 in 23 >1c Surf-6 i n  24 
Surf-6 in 23 >1< Surf-5 in 22 
SurfSa in 23 is  adiabatic 
Surf-1 in 24 > 1 <  Constant @ 23 dC 6 

Sutf-2 in 24 is External 
Surf-3 in 24 WC Constant @ 23 dC & 

Surf-4 in  24 is EIcternal 
Surf-5 in  24 >Ic Surf-6 i n  25 
Surf-6 in  24 >le S u r f 4  i n  23 
Surf-l  in 25 > 1 <  Constant @ 23 dC & 

Surf-2 in 25 is Extenial 
Surf-3 in z5 >I< Constant @ 23 dC & 

Surf -4 
Surf -5 
Surf -6 
Surf -1 
Sur f-2 
Surf-3 
Surf-4 
Surf-5 

in 25 is Extemal 
in 25 S I C  Surf-6 in  26 
in zS > I < Surf-S in 24 
in 26 i s  External 
i n  26 is External 
in 26 is adiabatic 
i n  26 i s  External 
i n  26 i s  Extemal 



6 6 3 5 5 # 37 Surf-6 i n  26 > 1 C Surf-S in 25 
6 7 5 O O # 38 Surf6a i n  26 is adiabatic 
6 8 5 O O # 39 Surf 6b in 26 i s  adiabatic 
6 9 5 O O # 40 Surf-6al in 26 is ôdiabatic 
7 1 O O O # 41 Surf4 inzadj  isExterna1 
7 2 2 23 O # 42 Surf-2 inzadj >I<Constaat  @ 2 3 d C &  O W  

rad 
7 3 3 1 1 # 43 Surf-3 i n  zadj >I<Surf-1 i n  zl 
7 4 2 23 O # 44 Surf-4 in zadj >I< Constant @ 23 dC & O W 

rad 
7 5 5 O O # 45 Surf-5 in zadj is adjabatic 
7 6 5 O O # 46 Surf -6 inzadj  isadiabatic 

1 # mass flou analysis info follows : 
at .mfn # leakage description 
1 2 3 4 5 6 7  

proj cnt r l  
Building 

no descrip 
3 

Control  function 
O O O O 
O O O 
O 
1 365 
1 

O 2 0.000 
0.0 
1 365 
1 

O 2 0.000 
0.0 
1 365 
1 

O 2 0.000 
0 . 0  

+ Control function 
O O O O 
O O O 

O 
1 365 
1 

O 1 0.000 
6.0 
900000. 0. 900000, O. 21.0000 23.0000 
1 365 
1 

O 1 0.000 



* C o n t r o l  f u n c t i o n  
O O O O 
O O O 

O 
1 365 
1 

O 1 0.000 
6.0 
40000.0 O.  O .  O.  21.0000 

1 365 
1 

O 1 0.000 
6.0 
40000.0 O.  O.  O. 21,0000 

1 365 
1 

O 1 0.000 
6.0 
40000.0 O.  O.  O -  21.0000 

1 1 1 1 1 3 2  

# geometry of zl defined in: z l . geo  
GEN 21 # t y p e  

100.0000 

100.0000 

100.0000 

zone name 
8 6 0.000 # vertices, surfaces, rotation angle 

# X CO-ord, Y CO-ord, 2 CO-ord 
0 o O O O O O  0.00000 0-00000 # vert I 

91.40000 O .O0000 0.00000 # v e a  2 
9 1  .40000 9.00000 0.00000 # vert 3 

0.00000 9 .O0000 0.00000 # vert 4 
0.00000 0.00000 4.50000 # vert 5 

91.40000 0.00000 4.50000 # vert 6 
91.40000 9 .O0000 4.50000 # vert 7 
0 .O0000 9 .O0000 4.50000 # vert 8 

# no of vertices followed by list of a3sociated vert 
4, 1, 28 6, 5, 
4, 2, 3, 7, 6, 
4, 38 4, 8, 7, 
4, 48 1, 5, 8, 
4, 58 6, 7, 8, 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (ml 
0.000 0.000 0.000 0.000 o*ooo 0.000 

3 O O O # default insolation distribution 
# surface attributes follow: 
# id  surface geom loc/ mic db environment 
# no name type posn name other side 
1, Surf-1 OPAQ VERT partition zadj 
2, Surf-2 TRAN VERT d b l g l ~  EXTERIOR 



3, Surf-3 OPAQ VERT partition CONSTANT 
4, Surf-4 TRAN VERT dbl g l ~  EXTERfOR 
5, Surf-5 TRAN CEIL ~akë-sep 22 
6, Surf-6 OPAQ FLOR gmd-f loor  GROUND 

# geometty of 22 defined in: z2,geo 
GEN 22 #type zonename 

0 6 0.000 # ver t ices ,  surfaces, r o t a t i o n  angle 
# X CO-ord, Y CO-ord, Z CO-ord 

O. O0000 O. 00000 430000 # vert  1 
91.40000 O ,00000 4.50000 # vert 2 
91.40000 9.00000 4,50000 # vert 3 
O. O0000 9.00000 4,50000 # vert  4 
O. O0000 0.00006 9.00000 # vert 5 
91.40000 0. O0000 9.00000 # vert  6 
91.40000 9.00000 9,00000 # vert 7 

O. O0000 9,00000 9,00000 # vert 8 
# no of ve r t i ce s  followed by l ist  of associated vert 

4, 1, 2, 6, 5, 
4, 2, 3, 7, 6, 
4, 3, 4, 8, 7, 
4, 4, 1, 5, 8, 
4, 5, 6, 7, 8, 
4, 1, 4, 3, 2, 

4 number of de fau l t  windows within each surface 
0 0 0 0 0 0  

# surfaces indentat ion (ml 
0.000 0.000 0.000 0.000 0.000 0.000 

3 0 0 0  # de fau l t  insolat ion distribution 
# surface a t t r i b u t e s  follow: 
# i d  surface geom loc/ mlc db environment 
#. no naine type posn name other  side 

1, Surf-1 OPAQ VERT p a r t i t i o n  CONSTANT 
2, Surf-2 TRAN VERT dbl-glz EXTERIOR 
3, Surf-3 TRAN VERT Fake-sep CONSTANT 
4, Surf-4 TRAN VERT dbl g l z  EXTERIOR 
5, Surf-5 T R M  CEIL ~akê-aep 23 
6, Surf-6 TRAN FLOR Fake-sep zl 

# geometiry of 23 defined in:  z3.geo 
GEN 23 # type zone name 

10 7 0.000 # ver t ices ,  surfaces, r o t a t i o n  angle 
# X CO-ord, Y CO-ord, Z CO-ord 

0.00000 0.00000 9.00000 # vert 1 
91.40000 O. O0000 9.00000 # vert 2 
91.40000 9.00000 9,00000 # vert 3 
O .O0000 9.00000 9-00000 # v e r t  4 
0.00000 0.00000 12.90000 # vert 5 



91.40000 0.00000 12.90000 # vert 6 
91.40000 9.00000 12.90000 1 v e e  7 
0.90000 9.00000 12,90000 # vert 8 
91,40000 8.90000 12.90000 # vert 9 
0.00000 8.90000 12.90000 # vert 10 

# no of vertices followed by list of asaociated vert 
4, 1, 20 6, 5, 
5, 2, 3, 7, 9, 6, 
4, 3, 4, 8, 7, 
50 4, 1, 5, 10, 8, 
4, 5, 60 9, 10, 
4, 1, 4, 3, 2, 
4, 10, 90 7, 8, 

# number of default windows within each surface 
0 0 0 0 0 0 0  

# surfaces indentation (m) 
0.000 0.000 0.000 0.000 0,000 0,000 0.000 

1 3 O 3 #default insolationdistribution 
# surface attributes follow : 
# id surface geom loc/ mlc db environment 
# no name type posa name other side 
1, Surf-1 OPAQ VERT partition CONSTANT 
2, Surf-2 TRAN VERT dbl glz EXTERIOR 
3, Surf-3 OPAQ VERT &ition CONSTANT 
4, Surf-4 TRAN VERT dbl glz EXTERIOR 
5, Surf4 TIUN CEIL ~akë-sep 24 
6, Surf-6 TRAN FLOR Fake-sep 22 
7,  SurfSa TRAN CEIL Pake-sep ADIABATIC 

# geometry of 24 defined in: z4.geo 
GEN 24 # type zone name 

8 6 0.000 # verrices, surfaces, rotation angle 
# X CO-ord, Y CO-ord, Z CO-ord 

O. O0000 0,00000 12,90000 # vert 1 
91.40000 0.00000 12.90000 # vert 2 
91.46000 8,90000 12.90000 # vert 3 
O. O0000 8.90000 12.90000 # vert 4 
O, O0000 0.00000 16.70000 # vert 5 
91.40000 0.00000 16.70000 # vert 6 
91.40000 8.90000 16.70000 1 vert 7 
O. O0000 8.90000 16.70000 # vert 8 

# no of vertices followed by l i a t  o f  associated vert 
4, 1, 20 6, 5, 
4, 2, 3, 7, 60 
4, 3, 40 8, 7, 
4, 4, 1, 5, 8, 
4, 5, 6, 7, 80 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (m) 
0.000 0.000 0.000 0.000 0.000 0.000 



3 0 0 0  # default insolation 
# surface attributes follow: 
# id surface geom loc/ mlc db 
# no name type po3n name 

1, Surf-1 OPAQ VERT partition 
2, Surf-2 TRAN VERT dbl g lz  
3, Surf-3 OPAQ VERT partition 
4, Surf-4 TRAN VERT dbl-glz 
5, Surf-5 TRAN CEIL Fake-sep 
6, Surf-6 TRAN FWR Fake-aep 

distribution 

environment 
other side 
CONSTANT 
EXTERIOR 
CONSTANT 
EXTERIOR 
25 
23 

# geometry of z5 defined in: z5.geo 
GEN 25 # type zone name 

8 6 0,000 # vertices, surfaces, rotation angle 
# X CO-ord, Y CO-ord, 2 CO-orci 

0 .O0000 0. O0000 16.70000 # vert 1 
91,40000 0 , O0000 16.70000 # vert 2 
91.40000 8.90000 16.70000 # vert 3 

0.00000 8 90000 16.70000 # vert 4 
0.00000 O. O0000 19.70000 # vert 5 

91.40000 O.  O0000 19,70000 # vert 6 
91.40000 8.90000 19,70000 # vert 7 

0 . O0000 8,90000 19.70000 # vert 8 
# no of vertices followed by list of  associated vert 

4, 1, 2, 6, 5, 
4, 2 ,  3, 7, 6, 
4, 3 r  4, 8, 7 ,  
4, 4, 1, 5, 8, 
4, 5, 6, 7, 8, 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (m) 
0.000 0.000 0.000 0,000 0.000 0.000 

1 3 0 0  # default insolation distribution 
# surface attributes follow: 
# i d  surface geom loc/  mlc db enviromtent 
# no name type posn name other aide 

1, Surf-1 OPAQ VERT paxtition CONSTANT 
2, Surf-2 TRAN VERT dbl-glz EXTERIOR 
3, Surf-3 OPAQ VERT partition CONSTANT 
4, Surf -4 OPAQ VERT ext wall EXTERIOR 
5, Surf-5 TRAN =IL ~akz-aep 26 
6, Surf-6 TRAN FLOR Pake-sep z4 

# geometry of 26 defined in: z6.geo 
GEN 26 # type zone name 

14 9 0.000 # vectices, surfaces, rotation angle 



# X CO-ord, Y CO-ord, Z CO-ozd 
O. O0000 0.00000 19.70000 # vert 1 
91.40000 0,00000 19-70000 # vezt 2 
91.40000 9.00000 12-90000 # vert 3 
O. O0000 9.00000 12,90000 # vert 4 
O. O0000 4.50000 23.50000 # vert 5 
91,40000 4.50000 23,50000 # vert 6 
91.40000 9.00000 23-50000 # vert 7 
0. O0000 9.00000 23.50000 # vert 8 
91.40000 8.90000 12.90000 # vert 9 
O .O0000 8.90000 12.90000 # vert 10 
91.40000 8.90000 19,70000 # vert II 
O. O0000 8.90000 19.70000 # vert 12 
91.40000 8.90000 16.70000 # vert 13 
O -00000 8 90000 16.70000 # vect 14 

# no of vertices followed by list of associated vert 
4, 1, 2, 6, 5, 
7, 2, Il, 13, 9, 3, 7, 6, 
4, 3, 4, 8, 7, 
7, 4 0 1 1 2  1, S r  8, 
4, 5, 6, 7 ,  8, 
4, 1, 12, 11, 2, 
4, 12, 14, 13, 11, 
4, 10, 4, 3, 9, 
4, 14, 10, 9, 13, 

# number of default windows within each surface 
0 0 0 0 0 0 0 0 0  

# surfaces indentation (ml 
0-000 0.000 0.000 0.000 0.000 0.000 0-000 0.000 0.000 

1 6 O 6 1 default insolation distribution 
# surface attrîbutes follow: 
# i d  surface geom loc/ mlc db environment 
# no name type posn name other side 
1, Surf-1 TRAN VERT dbl-glz EXTERIOR 
2, Surf-2 TRAN VERT dbl-glz EXTERIOR 
3, Surf-3 OPAQ VERT partition ADIABATIC 
4, Surf-4 TRAN VERT dbl-glz EXTEEUOR 
5, Surf-5 TRAN CEIL dbl glz EXTERIOR 
6, Surf-6 TRAN F U R  ~aké-sep 25 
7, Surf6a TRAN VERT Fake-sep ADIABATIC 
8, Surf& TRAN FLOR Fake-sep ADfABATIC 
9, Surf-6al TRAN VERT Fake-sep ADIABATIC 

# geometry of zadj defined in: zadj-geo 
GEN zadj # type zone name 

8 6 0.000 # vertices, surfaces, rotation angle 
# X CO-ord, Y CO-ord, Z CO-ord 

O. O0000 -20.00000 0.00000 # vezt 1 
91.40000 -20.00000 0.00000 # vert 2 
91.40000 O. O0000 0.00000 # vert 3 
0.00000 O. O0000 0.00000 # vert 4 
0.00000 -20.00000 4.50000 # vert 5 



91.40000 -20.00000 4.50000 # vert 6 
91.40000 O .  O0000 4.50000 # vert 7 

0 .00000 0 ,00000 4.50000 # vert 8 
# no of vertices followed by list of associated vert 

4, 1 2, r 5r 
4, 2 ,  3, 7 ,  6, 
4, 3 ,  4 ,  8, 7 ,  
4, 4, 1, 5, 8, 
4, s r  6, 7, 8, 
4, 1, 4, 3, 2, 

# number of default windows within each surface 
0 0 0 0 0 0  

# surfaces indentation (ml 
0,000 0 .000 0 .000  0 .000 0.000 0 .000 

3 0 0 0  # default insolation d is t r ibut ion  
# surface attributes follow : 
# id surface geom loc/ mlc db environment 
# no name type posn name other  side 

1, Surf-1 OPAQ VERT ext-wall EXTERfOR 
2, Suci-2 OPAQ VERT e x v a l 1  CONSTANT 
3, Surf-3 OPAQ VERT partition zl 
4, Surf-4 OPAQ VERT ext-wall CONSTANT 
5, Surf-5 OPAQ CEIL roof ADIABATIC 
6, Surf-6 OPAQ FLOR gmd-floor ADZABATIC 

# thermophysical p r o p e r t r e s  of z1 defrned rn  z1.con 
# no of l a r r  I s u r f a c e  ( f rom geo) f multrlayer constructzon 
# layers  lqaps 1 no. name f database name 

3 v 1 # 1 Surf-1 p a r t r t ~ o n  
3 t 1 # 2 Surf-2 dbl-glz 
3 , 1 # 3 Surf-3 par txt ion 
3 v 1 # 4 Surf-4 dbl-glz 
1 r O # 5 Surf-5 Fake-sep 
6 , 1 4 6 Surf-6 grnd-f l o o r  

# arr gap posr t ion  a r e s i s t a n c e  f o r  surface 1 
2, O . 170, 

# a i r  gap pos i t ion  & r e s r s t a n c e  f o r  surface  2 
2, O. 170, 

# a l r  gap p o s i t l o n  C ceerstance f o r  surface 3 
2, 0.170, 

# a l r  gap posrtxon i reststance f o r  surface  4 
2, 0.170. 

# a;r qap po&tron & t e s r s t a n c e  f o r  surface  6 
4, 0.170, 

# conduc- I 
# t r v i t y  I 

0,4200, 
0.0000. 
0,4200, 
0,7600, 
0 .0000, 
O, 7600, 
0.4200, 
0,0000, 
0 ,4200, 
0,7600, 
0,0000, 
O 7600, 
0.7600, 

s p e c r f i c  1 thick- ldpndl 
heat 1 neas (ml 1 type I 

837.0, 0.0130, 0, 
0.0, 0.0500, O, 

837.0, 0.0130, O, 
837.0, 0.0060, O, 
0.0, 0.0120, O, 

837.0, 0.0060, O, 
837. O, O. 0130, O, 
0.0, 0.0500, O, 

837.0, 0.0130, O, 
837.0, 0.0060, O, 
0.0 0.0120, O, 

837.0, 0.0060, O, 
037.0, 0.OOiOf O, 

temp 1 
0.00, 

temp. Imoisturel s u r f l l y r  
f a c t o r  I factor 1 1 
0.00000, 0.00000 # 1 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 2 1 
0.00000, 0.00000 t 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 3 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, 0.00000 # 4 1 
0.00000, 0.00000 # 2 
0,00000, 0.00000 # 3 
0.00000, 0.00000 # 5 1 



L.2800, 1456.0, 879.0, 0.2500, O, 0.00, 0.00000, 0,00000 # 6 1 
0.5200, 2050.0, 184.0, 0.1500, 0, 0.00, 0,00000, 0.00000 fi 2 
1.4000, 2100.0, 653.0, O , U O O ,  O, 0.00, 0.00000, 0,00000 # 3 
0.0000, 0.0, 0.0, 0,0500, 0, 0.00, 0.00000, 0.00000 # 4 
O. 1500, 800,0, 2093.0, 0.0390, O, 0.00, 0.00000, 0.00000 t 5 
0.0600, 186.0, 1360.0, 0.0060, 0, 0.00, 0,00000, 0.00000 # 6 

for each surface: rnaide face ermssivr ty 
0.91 0.83 0 -91  0.83 0.83 0-90 
for  each surface: outsrde face e rmss~vz ty  
0-91  0.83 0.91 0-83  0.83 0.90 
for  each surface: rnside face s o l a r  absosptrvrty 
0.50 0.05 0-50 0-05  0.05 0.60 
for each anrface: outside face s o l a r  abaorptivrty 
0.50 0.05 0.50 0.05 0.05 6-05 
~ n a l d e  and exter ior  glazinq maintenance factors 

0.00 0.00 

t thermophysxcal propertreu of 22 defined l n  z2.con 
t no of l a i r  Isurface(from geo)l multr layer  construction 
I layerslgapsl no. name I database name 

3, L $ 1 Surf-L p a r t i t r o a  
3, 1 1 2 Surf-2 dbl-qlz 
1, O t 3 Surf-3 Fake-sep 
3, 1 t 4 Surf-4 dbl-glz 
1, O 1 5 Surf-5 Fake-sep 
1, O t 6 Surf-6 Fake-sep 

t arr gap posrtaon c resrstance f o r  sa r face  L 
2, 0.170, 

# aar gap p o s r t ~ o n  & resrstance for surface 2 
2, O.Lf0, 

# a r r  gap posataon & resrstance for surface 4 
2, 0.170, 

# conduc- 1 denslty I s p e c z f ~ c  I thlck- 1 dpndl ref. I 
t t i v r t y  I I heat I ness (ml 1 type 1 temp I 

0.4200, 1200.0, 837.0, 0.0330, 0, 0-00, 
O * 0000, 0 .O, 0-0, 0.0500, 0, 0-00, 
0,4200, 1200.0, 837.0, 0*0130, O, 0-00, 
0.7600, 2710.0, 837.0, 0,0060, 0, 0-00, 
0*0000, 0.0, 0.0, 0.0120, 0, 0.00, 
0.7600, 2730,0, 837.0, 0.0060, 0, 0.00, 
0.7600f 2710.0, 837.0, 0 0010, O f  O 00, 
0.7600, 2710-0, 837.0, 0.0060, 0, 0-00, 
0.0000, 0.0, 0.0, 0.0120, O, 0.00. 
0.7600, 2710.0, 837.0, 0oO060, 0, 0.00, 
0.7600, 2710.0, 837.0, O - O O L O I  O, 0.00, 
0.7600, 2710.0, 837.0, Oo0010, O, 0-00, 

t for  each sarface: rnszde face emrsarvrty 
0.91 0 -83  0.83 0.83 0.83 0.83 

t for  each surface: outside face emrssivi ty  
0.91 0.83 0.83 0.83 0.03 0.03 

t fo r  each surface: rnsrde face s o l a r  absorpt lvi ty  
0.50 0.05 0.05 0.05 0.05 0.05 

# for  each surface: outarde face s o l a r  a b s o r p t r v ~ t y  
0.50 0.05 0.05 0.05 0.05 0.05 

t inslde and ex te r ior  glazinq maintenance factors 
0.00 0.00 

temp. 1 
factor I 
0.00000, 
0.00000, 
0.00000, 
0.00000, 
0.00000, 
0.00000, 
0.00000, 
0*00000, 
0.00000, 
0.00000, 
O. 00000, 
o. 00000, 

morsture 1 
fac tor  I 
O *  00000 
o. 00000 
O *00000 
O - 00000 
o. 00000 
0 ~ 0 0 0 0 0  
0.00000 
O .OOOOO 
o. 00000 
O. 00000 
0.00000 
0.00000 

su r f  l l y r  
! 

# L I  
t 2 
# 3 
# 2 1 
t 2 
t 3 
t 3 1  
t 4 1  
t 2 
# 3 
t 5 1  
# 6 1  



# thennophysxcal propertres of z3 defrned l n  z3.con 
# no of l a l r  Isurfaceïfrorn qeol I maltzlayer construction 
# layers lqapsl no. name I database name 

3, 1 # 1 Surf-1 partxtion 
3, 1 # 2 Surf-2 dbl-gl z 
3 , 1 # 3 Surf-3 partr t ron 
3, 1 # 4 S u r f 4  dbl-gl z 
1, O # 5 Surf-5 Fake-sep 
1, O # 6 Surf-6 Fake-sep 
1, O # 7 Sur fSa  Fake-sep 

# alc gap posltron i resxstance fo r  surface 1 
2, 0-170, 

# a r r  gap posltion r resrstance for  surface 2 
2, 0-170, 

# a i r  gap posxtzon r seslatance fo r  surface 3 
2, 0.170, 

# a l r  gap posltron r resls tance fo r  surface 4 
2, 0.170, 

# conduc- I densrty t s p e c z f r c  1 t b c k -  ldpndl ref. I temp, lmolsturel 
# rrvxty i 1 heat I nesa (m) 1 type 1 temp t factor  I factor  1 

0.4200, 1200 - 0, 837-0, 0,0130, O, 0-00, 0.00000, 0-00000 
O. 0000, O. O, 0.0, 0,0500, O, 0-00, O-OOOOO,  0-00000 
0.4200, 1200- O, 837.0, 0,0130, O, 0-00, 0.00000, 0-00000 
O. 7600, 27LO - 0, 837 -0, 0,0060, 0, 0.00, 01000001 0-00000 
o. 0000, 0-0, 0.0, 0.0120, 0, 0-00, 0.00000, 0.00000 
0.7600, 2710.0, 837-0, 0,0060, 0, 0-00, 0.00000, 0.00000 
0.4200, L200.0, 837.0, 0,0130, O, 0.00, 0-00000, 0-00000 
O. 0000, 0.0, 0-0, 0,0500, O, 0.00, 0.00000, 0-00000 
0.4200, L200.0, 837-0, 0,0130, 0, 0.00, 0.00000, 0-00000 
O. 7600, 2710.0, 837-0, 0,0060, O, 0.00, 0-00000, 0-00000 
O . 0000, 0-0,  0.0, 0.0120, 0, 0.00, 0.00000, 0.00000 
O .  7600, 2710.0, 837.0, 0,0060, 0, 0.00, 0 -00000, 0-00000 
O. 7600, 2710. O, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 
0,7600, 2710.0, 837.0, O.OOL0, O, 0.00, 0.00000, 0.00000 
O ,  7600, 2710.0, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 

# fo r  each surface: rnside face excussxv~ty 
0 -91  0.83 0.91 0-83  0-83  0.03 0.83 

# for each surface: outalde face emrssivxty 
0.91 0.83 0.91 0 -83  0-83  0.83 0-83 

# for  each surface: lnslde face so lar  absorptivlty 
0.50 0.05 0.50 0-05  0-05 0.05 0.05 

# f o r  each surface: outsrde face so lar  absorptzvtty 
0.50 0.05 0.50 0.05 0.05 0.0s 0.05 

# ~ n s i d e  and ex ter ior  glazrng maintenance factors  
0.00 0.00 

surf l lyr 
I 

# L L  
# 2 
# 3 
# 2 L  
# 2 
# 3 
# 3 L  
# 2 
# 3 
( 4 1  
# 2 
# 3 
# S L  
# 6 L  
# 7 L  

# thermophyuxcal ptopert ies  of 24 defined i n  z4.con 
# no of lalr Isurface(from geo) 1 multrlayer construction 
# layera l gaps l no. name I database name 

3, 1 # 1 Surf-L par t i t ion  
3, 1 # 2 Surf-2 dbl-glz 
3, L # 3 Surf-3 partition 
3, 1 # 4 Surf-4 dbl-gl z 
1, O 4 5 Surf-5 Fake-sep 
1, O # 6 Surf-6 Fake-sep 

# a i r  gap position S resrstance for  surface 1  
2, 0.170, 

# a i r  gap posrtion resrstance for  surface 2 
2, 0.170, 

t a i r  qap posrtion C resrstance for  surface 3 
2, 0.170, 



# alr gap pos l t lon  6 resrsrance f o r  su r face  4 
2, 0.170, 

# conduc- 1 dens i ty  I s p e c t f i c  1 t h ~ c k -  ldpndl ref. 1 remp, tmorsturel 
# t ~ v r t y  I f haat I nesr  (ml 1 type  l temp I f a c t o r  I f a c t o r  I 

0.4200, 1200-0, 837.0, 0.0130, O, 0.00, 0,00000, 0.00000 
0-0000, 0.0, 0.0, 010500, 0, 0.00, 0-00000, 0,00000 
O -4200, 1200 -0, 837.0, 0.0130, 0, 0.00, 0,00000, 0-00000 
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 
O. 0000, 0.0, 0.0, 0.0120, 0, 0-00, 0~00000, 0.00000 
O .7600, 2710,0, 837.0, 0.0060, O, 0.00, 0.00000, 0,00000 
0 - 4200, 1200 -0, 837.0, 0.0130, 0, 0.00, 0.00000, 0,00000 
O. 0000, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 
0 . 4200, 1200 O, 837.0, 0.0130, O, 0.00, 0.00000, 0,00000 
0 - 7600, 2710. O, 837.0, 0.0060, O, 0.00, 0.00000, 0,00000 
0 . 0000, 0.0, 0.0, 0.0120, 0, 0-00, 0.00000, 0~00000 
O- 7600, 2710.0, 837.0, 0.0060, O, 0.00, 0.00000, 0,00000 
0 7600, 2710 -0, 837 -0, 0-OOLO, O, 0-00, 0.00000, 0,00000 
0 -7600, 2710 . O, 837.0, 0,0010, 0 ,  0.00, 0,00000, 0.00000 

# f o r  each surface: rnsxde face emrsslvr ty  
0.91 0.83 0-91 0.83 0-83 0.83 

# f o r  each surface: outs lde  face  ermssrvr ty  
0.91 0.83 0.91 0.83 0.83 0.03 

t for each surface: insrde face s o l a r  absorp t iv r ty  
0.50 0.05 0-50 0.05 0.05 0.05 
f o r  each surface: outs ide  face s o l a r  absorptavi ty  
0.50 0.05 0.50 0.05 0.05 0.05 

t anslde and e x t e r i o r  g laziag maintenance f a c t o r s  
0.00 0.00 

s u r f  l lyr 
i 

$ 1 1  
t 2 
t 3 
t 2 1  
t 2 
t 3 
$ 3 1  
e 2 
t 3 
t 4 1  
t 2 
t 3 
t51 
#61 

t thermophys~cal  proper t ies  of 25 defrned r n  25-con 
t no of l a l r  1 surface(from geo) 1 mu l t r l ayer  c o n s t r u n r o n  
a l ayers  l gaps 1 no. name I database name 

3 , L # 1 Surf-1 p a r t r t l o n  
3 r L 1 2 Surf-2 d b l - g l ~  
3,  1 t 3 Surf-3 p a n l t r o n  
6 ,  2 t 4 Surf-4 e x t - w a l l  
1 , O # 5 Surf-5 Fake-se p 
1, O t 6 Surf-6 Fake-sep 

& a l r  qap posltLon i r e u s t a n c e  f o r  s u r f a c e  1 
2, 0,170, 

# a r r  gap posr t ron & res is tance f o r  su r face  2 
2. 0,170, 

# a l r  gap posr t lon 6 res is tance f o r  su r face  3 
2, 0.170, 

t a l r  qap posztzon 5 t e s i s t ance  f o r  su r face  4 
2, 0.170, 5, 0.170, 

4 conduc- 1 dens l ty  I s p e c r f ~ c  I thrck- ldpndl zef. 1 temp. lmoxsturel s u r f l l y r  
# t i v l t y  1 I heat 1 ness  (ml l t ype  1 temp 1 f a c t o r  1 factor l 1 

0 . 4200, 1200 O, 837.0, 0.0130, O, 0.00, 0.00000, 0-00000 1 1 1 
0 - 0000, o. O, 0.0, 0.OS00, 0, 0.00, 0.00000, 0.00000 t 2 
0.4200, 1200 . 0, 837 .O, 0-0130, 0, 0.00, 0.00000, 0.00000 # 3 
0 . 7600, 2710. O, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 t 2 1 
o. 0000, o. 0, 0.0, 0.0120, O, 0.00, 0.00000, 0.00000 # 2 
0.7600, 2710.0, 837.0, 0.0060, O, 0.00, 0,00000, 0.00000 t 3 
O. 4200, 1200 .O, 837.0, 0.0130, O, 0-00, 0.00000, 0.00000 t 3 1 
0.0000, O O O, 0.0, 0,0500, O, 0.00, 0.00000, 0.00000 # 2 
0.4200, 1200 O O, 837.0, 0.0130, 0, 0.00, 0-00000, 0.00000 # 3 

210.0000, 2700 .O, 880.0, 0.0030, 0, 0.00, 0.00000, 0.00000 # 4 1 
O. 0000, O . 0, 0.0, 0.0250, 0, 0.00, 0,00000, 0~00000 t 2 
0.0400, 12.0, 840.0, 0.0800, 0, 0-00, 0.00000, 0.00000 # 3 

210.0000, 2700 O, 880.0, 0.0030, 0, 0.00, 0.00000, 0.00000 t 4 
O. 0000, 0-0, 0.0, 0.0500, O, 0-00, 0.00000, 0.00000 t 5 
0.4200, 1200.0, 837.0, 0.0130, O, 0.00, 0.00000, 0-00000 # 6 
O. 7600, 2710 - O, 837.0, 0.0010, O, 0.00, 0,00000, 0.00000 t 5 1 
0.7600, 2710.0, 837.0, 0-0010, 0, 0.00, 0,00000, 0.00000 t 6 1 



t for  each surface: r n s ~ d e  face emzsstvrty 
0.91 0.83 0.92 0.9L 0.83 0.83 

t fo r  each surface: outsrde face emrasavtty 
0.91 0.83 0.91 0.22 0.83 0.83 

# for  each surface: rnsxdo face so lar  absorptivxty 
0.50 0.0s 0 - 5 0  0.50 0.05 0.05 

# fo r  each nurface: outside face so la r  absorptzvaty 
0.50 0.05 0.50 0.20 0-05  0-05 

# rnsrde and exterzor glazlng mntenance  factors 
0.00 0.00 

t thermophysical propertxea of 26 deftned ru z6.con 
# no of l a ~ r  Isurface(from geo)I multtlayer construction 
t layers l gaps l no. name 1 database name 

3 8 1 # 1 Surf -1  dbl-glz 
3 , 1 f 2 Surf-2 dbl-glz 
3, 1 t 3 Surf-3 partatlon 
3, 1 # 4 Surf-4 dbl-glz 
3, 1 1 5 Surf-5 dbl-glz 
1 w O # 6 Sur f -6  Fake-sep 
1, O 1 7 S u r f 6 a  Fake-sep 
1 8  O t 0 Surf6b Fa ke-sep 
1, O # 9 Surf-6aï  Fake-uep 

# a r r  gap posrtron c resistance for  surface 1 
2, 0.170, 

# a r r  g a p  posrtron c reststance for  surface 2 
2, 0.170, 

# a l r  gap p o s r t ~ o n  c tesistance for  surface 3 
2, 0.L70, 

# a i r  gap posrtzon c resrstance for  surface 4 
2, 0,170, 

# alr gap posit ion S resrstance for surface 5 
2, 0.170, 

# conduc- I denslty I specrfrc l th~ck-  ldpndl 
t t~vity I I heat I ness (ml l type 1 

0.7600, 27L0.0, 837.0, 0.0060, O, 
o. aooo, o. O, 0.0, 0.0120, O, 
0,7600, 2710.0, 837.0, 0.0060. 0, 
0.7600r 2710.08 837.0, 0.0060. 0, 
0.0000, 0.0, 0.0, 0.0120, o. 
0,7600, 2710.08 837.0, 0*0060, O, 
0.4200, 1200. 0, 837.0, 0.0130, 0, 
0 - 0 0 0 0 ~  O. 0, 0.0, 0.0500, 0, 
0.4200, 1200.0, 837.08 0.0130, 0, 
0. 7600, 2710. O, 837.0, 0.0060, O, 
o.oooo, 0.0, O 0.0120, o. 
0,7600, 2110.0, 837.0, 0.0060, O, 
0,7600, 2710-0, 837.0, 0.0060, O, 
0. 0000, 0.0, 0.0, 0.0120, O, 
0.7600, 2710.0, 837.0, 0.0060, 0, 
0.7600r 2710.0, 837.0, 0.0010* 0, 
0.7600, 2710.08 837.0, 0.0010, 0, 
0.7600, 2710-0, 03700, 0.0010, O, 
0.7600, 2710.0, 837.0, 0.0010, O, 

t for  each surface: tnside face emieslurty 
0 - 8 3  0.83 0.91 0.83 0.83 0.83 0.83 0.83 0.83 

t for  each surface: outende face emsstv i ty  
0.83 0.83 0.91 0.83 0.83 0.83 0.83 0.83 0-83 

t e f .  I 
temp I 

O . 00, 
O. 00, 
0 . 00, 
0.00, 
0-00,  
O. 00, 
O - 00, 
0 . 00, 
O . 00, 
O. 00, 
O. 00, 
O * 00, 
0 . 00, 
O. 00, 
O . 00, 
0 . 00, 
0.00, 
O. 00, 
O. 00, 

temp. Imoraturel sur f l lyr  
factor  1 factor I I 
0,00000, 0.00000 1 1 1 
0.00000, 0.00000 t 2 
0.00000, 0.00000 # 3 
0,00000, 0.00000 t 2 1 
0 ~ 0 0 0 0 0 ,  0.00000 1 2 
0,00000, o.ooooo t 3 
0,00000, 0.00000 # 3 1 
0.00000, 0.00000 t 2 
0.00000, o.ooooo t 3 
0,00000, 0.00000 # 4 1 
0.00000, 0.00000 # 2 
0.00000, 0.00000 # 3 
0.00000, o.ooooo 1 5 1 
0.00000, 0.00000 t 2 
0.00000, o.ooooo # 3 
0.00000, 0.00000 # 6 1 
0.00000, 0.00000 t 7 1 
0.00000, 0.00000 # 8 1 
0.00000, o.ooooo # 9 1 

t for  each surface: rnsrde face so lar  absocpt~vxty 
0.05 0.05 0.50 0.05 0.05 0.05 0.05 0.05 0.05 

t for  each surface: outside face aolar abso rp t iv~ ty  
0.05 0.05 0.50 0.05 0.05 0.05 0.05 0.05 0.05 

t lnsxde and exterior glazlng maintenance factors  
0-00  0.00 



# thermophyslcal propertles o f  z a d ~  defzned rn  zad3-con 
f no o f  lazr  lsurface(from qeo)  I multrlayer constructron 
# layers  l gaps l no, name I database name 

6, 2 # 1 Surf-1 ext-wall 
6, 2 # 2 Surf-2 ext-val1 
3, 1 # 3 Surf-3 partxtron 
6, 2 # 4 Surf-4 ext-wall 
4 v 1 # 5 Surf-5 roof 
6, L # 6 S u r f 4  grnd-f l o o r  

# alr gap pos i t i on  & reszstance  for surface  1 
2, 0,170, 5, 0,170, 

# a l r  gap posrt lon c res t s tance  f o r  surface 2 
2, 0.170, 5, 0,170, 

# a lr  gap positxon & resastance  f o r  surface  3 
2, 0.170, 

# a r t  gap posrtron & r e s i s t a n c e  for surface  4 
2, 0.170, 5, 0.170, 

# a r t  gap posltLon c r e a ~ s t a n c e  f o r  surface  5 
2, 0,170, 

# arr  gap posztzon & reszstance  f o r  surface  6 
4, 0,170, 

f conduc- 1 d e n s ~ t y  I specrfxc I thrck- ldpndl 
t t r v r t y  l I heat 1 ness  tm) l type l 

210-0000, 2700 .O, 880.0, 0,0030. 
O -  0000, O. O, 0.0, 0,0250, 
O -  0400, 12.0, 840.0, 0,0800, 

210.0000, 27O0,Oe 080.0, 0-0030, 
0 -OOOOf 0 -0, 0.0, 0,0500, 
O. 4200, 1200~0, 837.0, 0-OL30, 

210.0000, 2700. O, 880.0, 0,0030, 
O .oooo, 0.0, 0.0, 0,025o. 
0,0400, 12.0, 840 - 0, 0.0800, 

210.0000, 2700,0, 000.0, 0.0030, 
0,0000, 0.0, 0-0, 0.0500, 
0,4200, 1200 -0, 837-0, 0,0130, 
0 -4200, 1200 .Of 837 -0, 0.0130, 
O. 0000, 0 .O, 0.0, 0~0500, 
0.4200, 1200.0, 837.0, 0,0130, 

210-0000, 2700.0, 880,Or 0-0030, 
0 - 0000, 0.0, 0.0, 0.0250, 
0.0400, 12.0, 840-0, 0-0800, 

210.0000, 2700.0, 880.0, 0.0030, 
0*0000, 0.0, 0-0, 0*0500, 
014200, 1200.0, 837 -0, 0-0130, 

210-0000, 2700-0, 880.0, 0-0030, 
0 - 0OOOf O- 0, 0-0, 0,0250, 
O -  0400, 12- 0, 840-0, 0.0800, 

210*0O0Of 27O0,Of 880-0, 0.0030p 
1.2800, 1456-0, 879.0, 0.2500, 
0 .5200. 2050 .Of L84 -0, 0 1500, 
1.4000, 2100.0, 653.0, 0-1500, 
O. 0O0Of 0.0, 0.0, 0-0500, 
0 -1500, 800.0, 2093.0, 0.0190, 
0-0600, 186.0, 1360.0, 0-0060, 

# for  each surface: rnnrde face sirusslvity 
0.91 0.91 0.91 0.91 0-22 6-90 

# for each surface: outnide face e m r s s i v ~ t y  
0.22 0-22 0.91 0-22 0.22 0.90 

ref, 1 
temp I 
0*00, 
0-00. 
0,OOf 
0-00, 
0.00, 
0.00, 
0.00, 
0-00, 
O - 008 
O .oo, 
O - 00, 
0 *oo, 
0-00, 
O -00, 
0-00, 
0-00, 
0.00, 
O. 00, 
0-00, 
0-00, 
O .oo, 
0.00, 
o. 00, 
0.00, 
0.00, 
0.00, 
O * 00, 
0-00, 
O*OO, 
0.00, 
0 . 00, 

temp, l rnolsture l sur f  l l y r  
f a c t o r  1 f ac tor  1 I 
0,00000, 0.00000 # 1 1 
0~00000, 0-00000 t 2 
0100000, 0-00000 # 3 
0.00000, 0.00000 1 4 
0.00000, 0100000 # 5 
0,00000, 0.00000 # 6 
0.00000, 0*00000 1 2 L 
0.00000, 0100000 # 2 
0,00000, 0.00000 # 3 
0,00000, 0*00000 t 4 
0,00000, 0*00000 # 5 
0,00000, 0-00000 # 6 
0~00000, 0-00000 t 3 1 
0.00000, 0100000 # 2 
0.00000, 0.00000 1 3 
0.0000o8 0*00000 1 4 L 
0.00000, 0100000 # 2 
0.00000, 0100000 1 3 
oIOoOOO, 0.00000 1 4 
0,00000, 0.00000 f 5 
0.00000, 0.00000 @ 6 
0,00000, 0~00000 # 5 1 
0.00000, 0.00000 1 2 
0.00000, 0.00000 1 3 
0.00000, 0.00000 # 4 
0,00000, 0.00000 f 6 1 
0.00000, 0.00000 # 2 
0,00000, 0*00000 # 3 
0.00000, 0.00000 f 4 
0,00000, 0.00000 # 5 
0.00000, 0-00000 # 6 

4 for  each surface: in s ide  face s o l a r  a b u o r p t ~ v l t y  
0.50 0,50 0-50 0.50 0.20 0.60 

# for  each surface: outs ide  face s o l a r  absorpt lv i ty  
0.20 0.20 0.50 0.20 0.20 0-85 

# rnside and ex ter tor  glazrng malntenance fac tors  
0.00 0-00 



# operations of zl defined in: 
# zl.opr 
nil-operations # operation name 
# control(no control of air flou ), low d high setpoints 

O 0.000 O.  O00 
O # no Weekday flow periods 
O # no Saturday flow periods 
O # no Sunday flow petiods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain types 
Occupt Lighta Equipt 

# operations of z2 defined in: 
# 22 .opr 
nil-operations # operation name 
# control(no control of air flow ), low & high setpoints 

O 0.000 o. O00 
O # no Weekday flow perioda 
O # no Saturday flow periods 
O # no Sunday flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

4 Labels for gain types 
Occupt Lights Equipt 

# operations of 23 defined in: 
# z3.opr 
nil-operations # operation name 
# control(no control of air flow ), low & high setpoints 

O 0 .  O00 O * O00 
O # no Weekday flow periods 
O # no Saturday flow petio- 
O # no Sunday flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels  for gain types 
Occupt Lights Equipt 



# operations of 24 defined in: 
# z4,opr 
nil-operations # operat ion name 
# cont ro l  (no cont ro l  o f  air f low ) , low & high $e tpo in t s  

O 0.000 o*ooo 
O # no Weekday flow periods 
O # no Saturday f l o u  per iods  
O # no Sunday flow periods 
O # no Weekday casua l  gains 
O # no Saturday casual gains 
O # no Sunday casua l  gains 

# Labels f o r  gain types 
Occupt Lights Equipt 

# opezations of 25 defined in: 
# z5.opr 
nil-operations # operat ion name 
# control(no cont ro l  of  a i r  f low ), low & high s e t p o a t s  

O 0.000 o. O00 
O # no Weekday f l o u  per iods  
O # no Saturday flow per iods  
O # no Sunday flow periods 
O # no Weekday casua l  gains 
O # no Saturday casua l  ga in s  
O # no Sunday ca sua l  gains 

# Labels f o r  gain types 
Occupt Lights Equipt 

# opesations of 26 defined in: 
# z6,opr 
nil-operations # operat ion name 
# control(no cont ro l  o f  air f l o u  ), low & high setpoints 

O O .  O00 o. O00 
O # no Weekday flow pe t iods  
O # no Saturday f l o u  per iods  
O # no Sunâay flow per iods  
O # no Weekday caaual  gains 
O # no Saturday ca sua l  gains 
O # no Sunday casual gains 

# Labels f o r  gain  types 
Occupt Lights Equipt 



# operations o f  zadj defined in: 
# zadj-opr 
n i1  operations # operation name 
# c&trol(no control of air flow ), low d high setpoints 

O 0.000 0.000 
O # no Weekday f low periods 
O # no Satuzday flow periods 
O # no Sunâay flow periods 
O # no Weekday casual gains 
O # no Saturday casual gains 
O # no Sunday casual gains 

# Labels for gain types 
Occupt Lights Equipt 

transparent properties of zl defined i n  zl .tmc 
6 # surfaces 

tmc index f o r  each surface 
O 1 0 1 2 0  
3 # layers 

Transmission @ 5 angles & visible tr. 
0,361 0.333 0.284 0.144 0.130 0.760 

For each layer absorption @ 5 angles 
0.157 0,172 0,185 0.201 0.202 
0,001 0.002 0,003 0.004 0.005 
0.117 0.124 0.127 0.112 0.077 
O # blindhhutter control f lag 
1 # layers 

Transmission @ 5 angles & visible tr. 
0,985 0.985 0.985 0.985 0.985 0.990 

For each layer absorption @ 5 angle3 
0.001 0.001 0.001 0.001 0.001 
O # blindkhutter control f lag 

# transparent properties of 22 defined i n  z2.tmc 
6 # surfaces 

# tmc index for each surface 
0 1 2 1 2 2  
3 1) layers 

# Transmission e 5 angles & visible tr. 
0.361 0.333 0.284 0.144 0.130 0.760 

# For each layer absorption @ 5 angles 
0.157 0.172 0.185 0.201 0.202 
0.001 0.002 0.003 0,004 0.005 
0.117 0.124 0,127 0.112 0.077 
O # bl indhhutter  control flag 



1 # layers 
# Transmission @ 5 angles & visible tr. 

0.985 0.985 0.985 0.985 0.985 0.990 
# For each layer absorption @ 5 angles 

0,001 0.001 0.001 O*OOl 0.001 
O # blindkhutter control flag 

# transparent properties of 23 defined in 23.txnc 
7 # sutfaces 

# tmc index for each surface 
O 1 0 1 2 2 2  
3 # layers 

# Tcansxnission @ 5 angles & visible tr. 
0.361 0.333 0.284 0,144 0,130 0.760 

# For each layer absorption e 5 angles 
0.157 0.172 0.185 0.201 0.202 
0.001 0.002 0.003 0.004 0.005 
0.117 0.124 0.127 0.112 0.077 
O # blindbhutter control flag 
I # layers 

# Transmission @ S angles & visible  tr .  
0,985 0.985 0.985 0.985 0.985 0.990 

# For each layer absorption @ 5 angles 
0.001 0.001 0.001 0.001 0,001 
O # blindlshutter control flag 

# transparent properties of 24 defined in z4.tmc 
6 # surfaces 

# tmc index for each surface 
O 1 0 1 2 2  
3 # layers 

# Transmission 6 S angles & visible tr. 
0.361 0.333 0.284 0,144 0.130 

# For each layer absoxption @ 5 angles 
0.157 0.172 0.185 0.201 0.202 
0.001 0.002 0.003 0.004 0.005 
0.117 0.124 0.127 0.112 0.077 
O # blindhhutter control flag 
1 # layers 

# Transmission @ 5 angles & visible t r .  
0.985 0.985 0.985 0.985 0.985 

# For each layer absorption @ S angles 
0.001 0.001 0.001 0.001 0.001 
O # blindhhutter control flag 



# transparent propertiea of 25 defined in zS.tmc 
6 # surfaces 

# trac index for  each surface 
O 1 0 0 2 2  
3 # layers 

# Transmission ê 5 angle3 & visible tr. 
0.361 0.333 0.284 0.144 0.130 0.760 

# For each layer absorption @ 5 angles 
0.157 0.172 0.185 0.201 0.202 
0.001 0.002 0.003 0.004 0.005 
0.117 0.124 0.127 0.112 0.077 
O # b l i n d / s h u t t e r  control flag 
1 # layers 

# Transmission @ 5 angles & v i s i b l e  tr. 
0.985 0.985 0.905 0.985 0.985 0.990 

# For each layer absozption @ S angles 
0.001 0.001 0.001 0.001 0.001 
O # b l i n d h h u t t e r  c o n t r o l  flag 

# transparent propezties of 26 defined i n  z6.tmc 
9 # sutfaces 

# tmc index for each surface 
1 1 0 1 1 2 2 2 2  
3 # layers 

# Transmission @ 5 angles & visible tr. 
0.361 0.333 0,284 0.144 0.130 

# For each layer absozption @ 5 angles 
0.157 0.172 0.185 0.201 0.202 
0.001 0.002 0,003 0.004 0.005 
0.117 0.124 0.127 0.112 0.077 
O # b l i n d h h u t t e r  con t so l  flag 
1 # layers 

# Transmission @ 5 angles & visible tr. 
0.905 0.985 0.985 0.985 0.985 

# For each layer absorption @ 5 angles 
0.001 0.001 0.001 0.001 0.00l 
O # blind/shuttet c o n t r o l  flag 

# ûptional zone files f o r  zl 
# z l . u t l  

O # time-step air flow 
O # time-step casual gains 
O # view factors 
O # ahading/ insolation 

instanced in file 

O # convective heat tram f er coefficients 



O # bl ind/  s b u t t e r  cont ro l  
I # transparent construct ion data 

21-tmc 
O # casua l  gain cont ro l  
O # 0 b S t ~ ~ t i 0 n S  
O # con t ro l  volumes 
O # comect ions 
O # nodes coordinates 
O # nodes temperature 
O # domain flow data 
O # moisture data 

Utiliiy flk ter Zoii. 2 

instanced in  f i l e  # ûptional  zone files f o r  z2 
# z2 ,u t l  

O # t i r n e - s t e p a i r f l o w  
O # time-atep casua l  gains 
O # view fac tors  
O # shading/ inso la t ion  
O # convective hea t  t r a n s f e r  coef f ic ien ts  
O # bl ind/  s h u t t e r  cont ro l  
1 # t ransparent  const tuct ion data 

22.  tmc 
O # casual  gain control  
O # obstruct ions 
O # cont ro l  volumes 
O # connections 
O # nodes coordinates 
O # nodes temperature 
O # domain f lou  data 
O # moisture data 

instanced in  file # ûptional  zone f i l e s  f o r  23 
# z3.utl  

O # time-step a ir  flow 
O # time-step casual  gains 
O # view fac tors  
O # ahadLng/ inso la t ion  
O # convective hea t  t r a n s f e r  coef f ic ien ts  
O # bl ind/  ahu t t e r  cont ro l  
1 # t ransparent  construction data 

23 .tmc 
O # casual  gain cont ro l  
O # 0 b S t ~ c t i o n s  
O # cont ro l  volumes 
O # connections 
O # nodes coordinates 
O # nodes temperature 
O # domain flow data 



O # moistue data 

instanced i n  file # Optional zone f i l e s  f o r  24 
# z4.utl 

O # t i m e - s t e p a i r f l o w  
O # time-step casual gains 
O # view fac tors  
O # shading/ inso la t ion  
O # convective hea t  t r a n s f e r  coeff ic ients  
O # blind/ s h u t t e r  cont ro l  
1 # t ransparent  construct ion data 

24 .tmC 
O # casual gain cont ro l  
O # obstructions 
O # cont ro l  volumes 
O # connections 
O # nodes coordinates 
O # nodes temperatuze 
O # domain flow data  
O # moisture data 

Utlllty H k  for Zone 5 

instanced in file # ûptional zone files for z5 
# z5.utl 

O # time-step a i r  flow 
O # time-step casual gains 
O # view fac tors  
O # shading/ inso la t ion  
O # convective heat  transfer coeff ic ients  
O # blind/ shu t t e r  cont ro l  
1 # transparent construct ion data 

25 ,tmc 
O # casual gain cont ro l  
O # obstructions 
O # control  volumes 
O # connections 
O # nodea coordinates 
O # nodes temperature 
O # domain flow data 
O # moisture data 

# ûptional zone files f o r  26 
# z6.utl 

O # time-step air flow 

instanced i n  file 



O # time-step casual gains  
O # view f a c t o r s  
O # shadi.ng/ i n so l a t ion  
O # convective heat transfer coe f f i c i en t s  
O 4 bl ind/  shutter cont ro l  
1 # transparent construction data 

z6.tmc 
O # casual gain cont ro l  
O # o b s t r u c t i o n s  
O # cont ro l  volumes 
O 4 connections 
O # nodes coordinates 
O # nodes temperature 
O # domain flow data 
O # moiature data 

9 4 8 1.000 (nodes, components, 
Node Pld. Type Eeight Temperature 
z ln  1 O 1.0000 20.000 
z2n 1 O 6.5000 20.000 
z3n 1 O 11.000 20.000 
2411 1 O 16.000 20.000 
zSn 1 O 18.000 20.000 
z 6n 1 O 21.000 20.000 
zadjn 1 O 1,0000 20.000 
nlon 1 3 1.0000 O. 
nhin 1 3 25.000 O . 
Comp Type C+ L+ Description 
or101 40 3 O Conmon orifice 

rho . f (Cd, A, rho, dP 1 
1.00000 9.00000 0.630000 

or102 40 3 O Coiamon o r i f i c e  
rho . f (Cd, A, rho, dP 

1.00600 9.00000 0.630000 
skyor 40 3 O Comon o r i f i c e  

rho . f (Cd, A, rho, dP ) 
1.00000 9.00000 0.630000 

a t o r  40 3 O Cornmon o r i f i c e  

connections, 
Data 1 

-0 . 
0. 
O. 
O - 
0. 
0. 
0. 

1.0000 
1.0000 

wind reduction) 
Data-2 
3800 . 0 
3800. O 
3200.0 
3200.0 
2400. O 
1500.0 
8000. O 

O. 
O 

vol. flou rate comp. m = 

vol. flou rate comp. ni = 

0 1  flow rate coq. m = 

vol. flow rate comp. rn = 
rho . f (Cd, A, rho, dP 1 

1,00000 40.0000 
+Node âüght -Node 
nlon 0.000 zadjn 
zadjn 0.000 zln 
z ln  3.500 22x1 
z2n 2.500 z3n 
z3n 1.900 24x1 
z4n 0.700 z5n 
z5n 1.500 z6n 
z 6n 1.000 nhin 

i30000 
,t Comp Snodl Snod2 
O or101 
10 or102 
O a to r  
10 a to r  
O a to r  
10 a to r  
10 a t o r  
IO skyor 



W m t M  flle for EECS rtrkni 

*ctmTE 
# aacii  cliaiate file front /usr/esru/esp-r/clwte/ch67 binary db, 
# defined in: aac1im.a~~ 
# col 1: Diffuse solar on the hotizontal (W/m+*2) 
# col 2: Extemal d q  bulb temperature (Tenths DEGX) 
# col 3: Direct normal solar intensity (W/m**2) 
# col 4: Prevailing w i n d  speed (Tenths m/s) 
li col 5: Wind direction (clockwiae deg from north) 
# col 6: Relative htanidity (Percent 
AnriArbor climate # site name 

1989 42.00 0.00 O # year, latitude,  long dif f, rad flag 
1 365 # period (julian d a y s )  

+ &y 10 month 3 
O -23 O O 125 50 
O -27 O O 82 50 
O -24 O O 83 50 
O -28 O O 103 50 
O -34 O O 116 50 
O -35 O O 120 50 
O -38 O O 117 50 

80 -33 170 O 127 50 
130 -12 19 O 127 50 
220 12 82 O 137 50 
300 26 375 O 127 50 
300 35 142 O 134 50 
300 43 129 O 138 50 
350 49 178 O 128 50 
180 64 776 O 131 50 
160 73 729 O 135 50 
120 72 486 O 142 50 

50 55 23 O 150 50 
O 4 1  O O 132 50 
O 25 O O 121 50 
O 12 O O 12 9 50 
O O O O 125 50 
O -12 O O 123 50  
O -18 O O 120 50 

* &y 11 month 3 
O -21 O O 130 90 
O -10 O O 127 90 
O -22 O O 108 90 
O -25 O O 107 90 
O -30 O O 99 90 
O -30 O O II2 90 
O -28 O O 115 90 

36 -21 14 O 11s 90 
16 8 399 O 151 90 
20 51 652 O 183 90 
32 83 730 O 191 90 
138 103 702 O 198 90 
256 113 383 O 195 90 
106 130 752 O 215 90 
15 1 155 706 O 227 90 



184 162 
184 146 
103 126 

O 101 
O 69 
O 58 
O 56 
O 39 
O 25 

day 7 month 
O 221 
O 214 
O 210 
O 201 
O 199 
18 196 
74 212 
138 239 
171 265 
312 274 
344 283 
280 291 
322 296 
327 297 
183 297 
112 299 
79 293 
75 290 
57 278 
22 256 
O 223 
O 206 
O 198 
O 187 

* &y 8 month 
O 178 
O 174 
O 162 
O 161 
O 157 
14 152 
39 183 
56 217 
147 242 
269 247 
222 266 
266 272 
478 273 
404 278 
341 281 
320 280 
283 276 
214 270 
68 252 
26 244 
O 228 






