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Solar gain can cause temperatures in buildings to become extremely high. High 

cn\ironrnental temperatures may result in decreased productivity in both humans and animals. 

.A possible solution in reducing this heat is anabatic cooling at the building envelope. .A 

channelled roof with continuous openings, at the eave and ndge, was desiçned to generate 

anabatic cooling. The bottom plate of the channel was traditional roofdecking. The top plate 

\tas îbriiicd galvanized steel sheathing chosen for its availability and popularity in animal 

Iiousiiig. light-frame industrial buildings. and buildings in economically poor countries. The 

fbrce beliind reducing heat gain Iras convective flow. For testing purposes three units were 

sonstrucred: one control unit li-ith a simple roof of formed galvanized steel sheathing. one 

4 0  niiti deep channelled roof unit. and one 90 mm deep channelled roof unit. The attic 

ttmperatrires in the 10 mm channelied roofunit were O to 3 OC lower than those in the control 

iii i i t .  nrid the attic temperatures in the 90 mm channelled roof unit were 1 to 1'C lower than 

iIiose in the control unit. The attic temperatures in the 90 mm channelled roof unit were 

louer rhaii rhose in the 40 mm unit by 1 ' C  This reduction in heat gain in the channelled roof 

iinits oscurred via the roof channels In the south roof channel, the temperatures at the ndge 

Q ere grrater than those at the eave Therefore. it appeared that heat flow occurred up the 

roof dope by natural convection In the nonh roofchannel. the temperatures at the eave were 

grrater tlian those at the ndge Thus it appeared that heat flow occurred down the roof slope 

b?. forced convection. driven bu wind. The influence of wind was observed for wind speeds 

berneen I i and 39 kmihr. As wind increased from rnoderate to strono. heat flow in the roof 



channels became more steady. flowing from the ndge to the eave. Furthemore, forced 

convection occurred constantly in the 90 mm channelied roof unit for the observed wind 

spteds. while it occurred constantly in the 10 mm unit only at high wind speeds. 
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1. INTRODUCTION 

Hirh environmental temperatures increase stress on humans and animals. This result s in 

decreased productivity. Prolonged exposure to ambient air temperatures above 42 to 43 OC 

can be fatal (1993 ASHME Hcurc/hook: Frrr~dnrneritds; BIigh 1985). Therefore, the need to 

control e u  rernely hish building temperatures is apparent. 

1.1. Solar Heat Gain and Building Overheating 

Solar hcat gain can be a large contributor to increased building temperatures Solar energy 

i s  transterred into buildings based on the thermal and optical propenies of the buildins 

rilateriais. the time of day. the day of the year. solar radiation intensity. building orientation. 

stirroiinding environment, and seographic location. The solar constant, or the solar radiation 

i-eceii rd in space at the eanh's mean distance from the Sun. is 1353 W/m2 (Duffie and 

Bcsknian 1974). If one considers animal housing and Iight-frame industrial buildings. the 

ratio of the building footprint to the height is large. Therefore. the ratio ofthe solar radiation 

on the roof to that on the walls can be large. In these situations roofs receive a great amount 

of solar sain, and consequently. attic temperatures can reach entremes. Heyer ( 1  963. cited 

in U'alker and Wooste 1992) reponed temperatures at the interface of the roof covering and 

sheathins as high as 77°C. -4necdotal information in Manitoba during the summer of 1996 



susgests attic temperatures approaching 100°C. High attic temperatures produce large 

temperature differences across the ceiling, with corresponding large heat gains into the room 

belokb 

1.1- 1. Solar heat gain in animal housing tn  animal housin3 ventiiation of the living space 

usin? outside air. combined uith ceiling insulation and attic ventilation are typically used to 

cope ni th  high building temperatures. This attempt to substantially reduce heat build-up 

rtquirrs hnher  input to provide animal thermal comfon. Coupled with a desire to avoid the 

expense of mechanical cooling. the task becornes difficult. In some situations evaporative 

cooling lias been used to alle\ iate heat from building occupants; however. it is only effective 

iii d c  clittiates and environment s 

1.1.2. Solnr heat gain in light-frarne industrial buildings Typically in . light-tiame industria 

buildings. r here are no attics and only lirtle. if any. insulation ro thwan solar energy gain. 

Dcpeiiding on their use thesr buildings ma- be  air conditioned. but because of the larse 

buildirig \ olume the associated energ demand is usually ve? high. Here the task is to 

reduce solar heat çain to decrease the heat load on the occupants and. in buildings wit h air 

cunditioning, to decrease the cooling load. 

1.1.3. Sohr heat gain in homes Solar heat çain also applies to homes. In Yonh Amenca 

thouch - the cooling demand has a short season, home owners typically deal with solar heat 

tain t?y using air conditioning in the late 1 WO's, in the United States of America. the energy - 



used for summer cooling in residential and commercial buildings accounted for 42% of the 

total sunimer consumption for t hese buildings (Anderson 1977). In the sout hem United 

States of America, the attic typically uses IO to 20°h of the total air conditioning load on  

homes ( Sklar and Sheinkopf 199 1 ) The goal. then. is to reduce the electrical loads incurred 

by air conditioning. 

L.l..(. Solar heat gain in buildings in economically poor countries Light-frame industrial 

buildings and homes in economically poor countries are another area of concern. These 

countries are typically located in tropical zones. Here. though acclimatization and long term 

adaptat ioii have allowed people to esperience thermal comfon at higher ambient 

ieniperatures. buildine overheating is still a problem. Because of limitations of financial 

rrsourcrs and resistance of people to change. extra care must be taken to introduce new 

tectiricilogies within the esisting social framework. 

1.2. -4 Potential Solution to the Problern of Solar Heat Gain 

In liglit of the problem - solar gain throush the roof which enters the building - attention is 

direct ed towards prevent ing heat transfer into the occupied building space. Generating 

anabaric cooling by incorporatinp full ridçe and eave ventilation and radiant bamer systems 

inro the building envelope is one solution to the problem. The force behind this system is 

convesrion Convective f l o ~  can be encouraged by an open-ended air channel created at the 

building envelope. Such a system was desiged. constmcted. and tested. 



1.3. Objectives 

The folion ing are the objectives of this thesis: 

I to determine whether an open-ended air channel at a building's roof will reduce 

soIar heat gain into the buiIding 

2 to quanti& the reduction in solar heat gain. if any 



2. LITERATURE REVIEW 

2.1. Thermal Comfort of Humans and Anirnals 

2.1.1. Homeostasis and thermoneutrality On a very basic ievel ASHRAE defines themal 

conifon in humans as the state of mind when humans express satisfaction with the thermal 

znvirnnnient. Acceptable thermal environment is that in which at least 80% of normally 

clcithcd w m e n  and men livin- in Canada and the Lrnited States of Amenca. while engaged 

in indoor sedentary or near sedentary activities, would express themal comfon (ASHR-IE 

.\'r~ok/m/ 33-92: n?rrmd fki.iro~tn?rrr(n/ (vo~df t tom for Htrnmrr «ccrq?ariq0, 1992). 

011 a physiological le\ el humans and anirnals are homeostatic; that is to say that they 

I inw iridii iduai core body teniperatures that are relatively constant and mostly independent 

id en\ inminentai temperature The thermal environment. however. influences their heat 

iiisipiiiioii Homeostasis in hurnans and animals is a physiological control system by rneans 

of \r Iiicli the body adapts to its thermal environment. The optimum thermal environment for 

Iiuniaiis arid animals, the thermoneutral zone. occurs when heat is dissipated to the 

ai\-iroririierit without adjustmrnt by the homeostatic mechanisms from the optimum point. 

Thermoneutrality is dependent on a variety of factors, includine species. age, wei-ht. 

ses. healtli. nutrition. and acclimatization. Thermal codor t  of humans and animals is highIy 

coniple\ aiid individual specitic Simplification ofthis study has been undertaken, however. 

h! disrrgarding environmental effects such as relative humidity, ambient air rnovement. and 

ha roiiirt ris pressure, and physiological effects such as individual metabolic rate. Air 



temperature alone has been esamined. It is the major variable describing thermal environment 

sincc sensible heat dissipation is a function of the difference between ambient air and body 

trmperatures. The followina section identifies defence rnechanisms against. and adverse 

etkcts of heat stress on humans and animals. 

S. 1.2. Defensive mechanisms and adverse effects on humans due to high environmental 

tempera t lires There is a neutral mid-point temperature which esists for humans. For healt hy 

Iiiinians body temperature reniains relatively constant at 37°C. Disregarding air velocity this 

corresponds to an environmental temperature of 2424°C ( S o h  fiai mlJ The Owrhrnrt~g 

4 I I / / I  1975) As environmental temperature increases the human body enters 

regulatop zones which work to maintain the core body temperature. First. when heat loss 

to the en\ ironment becomes restricted. blood flow to the skin is increased Subsequently. 

ka t  trarider from the skin to the environment is increased. If this is not suficient to balance 

rlit  rr,triitsd heat loss. the body begins to sweat Sweating provides a means for evaporative 

iooliiig If evaporation is not sutxcient to balance the restncted heat loss, core body 

ieniperature begins to increase Humans begin to lose their efliciency when core body 

r rnipcrar ure becomes greater t han 2 ' C above 3 7" C (.JSHRJ E Hczt~cIbook: F~oalonw~rrnls. 

1 '393 ) 

Tlirouçh understanding the human body's first line of defence against high 

r.iiviroiinirnta1 ternperatures. t hr potential for adverse effects is already evident. In an attempt 

ro increase blood flow, heart rate is increased. If the rate becomes too fast to fil1 the heart 

IL it li blood completely. it ma. actually decrease the amount of blood pumped from the hean. 



Consrqucntly. blood pressure and supply to the brain may be decreased or blood supply to 

the skin rnay be decreased. or both. Heat exhaustion rnay occur resulting in loss of 

consciousness. 

.Another problem. hyperventilation, occurs in hot-wet conditions. This causes too 

niuch carbon dioxide to be flushed from the blood. It can result in tingling and nurnbness in 

the A i n .  and vasoconstnction in the brain. Again, the result may be loss of consciousness. 

Core body temperatures above 4 1 OC may result in the damase of proteins in the brain 

n hicli fiinction to reçulate body ternperature (ibid.). Heat stroke may occur resulting in 

iiiappropriate vasoconstriction- cessation of sweating, increase of heat production by 

,hi\ rritig. or sorne combination of these Ofien. the damage is irreversible and ma- result in 

death B ~ d y  temperatures above - W C  may result in death afier a few minutes (ibid.). 

2.1.3. Defensive mechanisrns and adverse effects on animals due to high environmental 

t eni pers t la res For domestic animals t here is a thermal range in which maximum productivity 

md iiia\;iiiium efficiency of feed conversion occurs The body temperatures of animals remain 

rrlati\ el! constant at 36 to 38 'C  (Kleiber 1975). For corresponding thermoneutral ambient 

air triiipmtures for some ungulates. see .L\ppendix .A. There is an optimum zone. within the 

rl~rtrnioiiriitral zone. in which optimum productivity. performance. and eficiency is 

dsniorist rat ed. .As environmental temperature increases above the thermoneutral zone the 

,iriinials' bodies enter similar replator). zones as humans. First, heat is lost to the 

rtnlironnirnt via increased blood florv to the skin. Second, evaporative cooling occurs at the 

surface ot' the body by sweating or in the respiratory tract by ventilation. 



Environmental Temperature ( O C )  

Figure 1 SimpIified representation of Kleiber's curve, where metabolizable 
energy is that which the animal can consume, sensible and latent 
energies are losses. and the area within the curves represents gained 
energy (adapted from Teeter et al. 1973). 

.As 3 result ofincreased environmental temperature hear production wi-ithin the animal 

drcréasrs Heat production is a result of feed consumption and a by-product of groa-th and 

producti\ity. tn an attempt to maintain core body temperature when environmental 

trniperarure increases, animals reduce feed consumption to decrease heat production. and 

sonsequently. growh and productivity are decreased as well. Figure 1 shows the cunr  

dçveloprd by h2au Kleiber w hich illustrates this balance of energy 

Failure to renew homeostasis can result in diarrhea. general weakness. conwlsions. 

and ultiniately, death. Body temperatures exceeding 42 to 43°C may cause damage to the 

central nen+ous system rvith fatal consequences (ibid. ) Orher adverse effects of heat stress 



\\ il1 van. depending on the species. ln pigs reproduction is decreased due to a decrease in 

libido (Cunis 1985). In poultry. egs size, qudity, and quantity are diminished (Austic 1985). 

In cattle niilk production declines (Johnson 1985). In sheep shon-term esposure to heat 

jtress san reduce wooI growth rate by up to 20% (Thwaites 1985). 

2.2. Ventilation and Radiant Barrier Systems for Reducing Solar Heat Gain 

2.2.1. Ventilation Attic ventilation is standard in buildings to allow the escape of hot air and 

to prr\ eiit Iieat build-up and transfer into the living space. Accordin9 to X S W  (ASHR-IE 

//tnrclllooX.: i i e m i i ~ g  I 'rr~riltrru~g mrcl Air- C'ur~clirior~it~g: Sptems mKj Eqi~ipnietll, 1996). 

Juririg periods of heating, a el1 designed vent iiation system can. at best. maintain an area to 

1 ' C' abo\ ri the incoming air temperature In tests. conducted at the Cniversity of Illinois 

Briildiiig Rrsearch Council. cornparina an unvented cathedra1 ceiling. an unvented attic. a 

\ snrrid s;t t tiedral ceiling, and a \ snted attic. sheathing temperatures o f  1 SO. 1 75, 1 70, and 

1 0 5  - F ( S1. 79. 77. and 74" C ). respect ively. were recorded (Cushman 1 996). In a study by 

Lcnr et al ( 1987) cornparing standard and full ventine. where the former met the minimum 

1-qui rd art ic ventilation witli so tfit and gable vents. and the latter had conrinuous sofit and 

ridge \ ents plus standard gable vents. a decrease in the ceiling heat flux of approximately 30°it 

\tas rr'alized through the use of full venting. 

22.2. Radiant barrier Another method of dealing with unwanted solar heat gain is through 

tlic installation of a radiant barrier Generally. this is a Iayer of aluminum foi1 placed in an 



at t ic. parallel to the roof deck. along the bottom side of the top chord. As the name suggest s 

a radiant barrier blocks radiant heat transfer. Research done at the Florida Solar Energy 

Crntcr showed that a radiant bamer reduced approximately 95% of solar radiation otherwise 

ttntcrinp the attic insulation and subsequently conducting into the living space (Sklar and 

Sfieinhopt' 199 1 ). Furthemore. these studies showed that heat conduction through the ceiling 

u as reduscd by approximately 450G. or approxirnately 8 to 12% ofthe cooling bill. Retutning 

to the results of Lear et al. (1987). the addition ofa radiant barrier decreased the ceiling heat 

tlux F\ a funher 4004 relative to full venting. 

2.1.3. Coiiibining ventilation and radiant barrier systems The problem is solar gain 

r tirougli r he roof u-hich is transferred into the building. Therefore. the first line of defence 

againsr solar heat gain is the building envelope. By using the building envelope to lower solar 

Iiéar gain. building occupants and an) buildin~ services will have less heat to cope with. By 

iiicorporating ventilation and radiant barrier systems into the building envelope. anabatic 

souling mi result. With a radiant barrier, solar gain is blocked. With ventilation. solar gain 

i j redirrsr r d  away from the building. Design guidelines. for variations of a double roof with 

n \ enrilarion channel open at the eave and ridge. are presented and recommended as advances 

iri pajsii r jolar cooling (Bourke 1997: Bowen 1984; Karaman 1983; Karamchandani and 

-\niin I 3. Passive-Coolin2 Concept House in Cook 1984; Sawyemille House in Argue 

1 %O ) Hciwever, little quantitative documentation exists on the effectiveness ofthese systems 

in reducing solar heat loads. This study will attempt to quanti@ the effect of an open-ended 

roof cliaiiiicl on reducing attic temperatures. 



2.3. Convection: The Force Behind the Double Roof System 

1.4.1. The nature of convection Within an air channel, between two parallel plates, heat 

t l o ~  can occur. When a temperature difference exists between at least one of the plates and 

the air. t h e  heat transfer that occurs between the plate and the air is called convection. 

Conwct ion heat transfer is a combination of random molecuIar motion and bulk fluid motion. 

In paniciilar. during naturai convection. fluid flow anses from graiity. Air in contact with 

a plaie of \varmer temperature will itself increase in temperature. This results in a decrease 

iii the deiisity of the air. This lighter air is acted upon by buoyancy forces to induce a vertical 

iiiotiori ot'the now warm air. \{,hich is replaced by cooler air (Incropera and DeUritt 1990; 

La! s aiid Cra~ford 1993). On a calm day. because of the very nature of natural convection. 

air t l w  oscurs up the slope of the air channel. frorn the eave to the ridge between the two 

pnrnllrl plates of the double roof The top plate. or roof sheathing is heated by solar 

1-ridiariori The temperature ditTerence between this and the air in the channel causes 

cun\çcii\ c heat Oow within the air channel. Rising warmed air leaves the channel at the ridae 

and is replaced by cooler air entering the channel at the eave. When the air in the channsl is 

intlucrncr'd by wind. heat transfkr results from forced convection. 

Besides being influenced by properties of the air. such as density, humidity. viscosity. 

speci tic kat .  and thermal conduct ivity. convection flow wit hin an open-ended roof channel 

is a t k t e d  by the depth of the air channel. the sizes of the inlet and outlet of the air channel. 

t lie iiicliiiat ion of the roof, and the dimensions of the roof (in panicular, the length). 

Tlictre has been little srudy done on the performance of convection, as it applies to the 



particular case of a double roof uith an open-ended air channel. where complications of non- 

sniooth surfaces, due to purlins. cause turbulent air flow. To confound rnatters. as 

teniperatures increase. turbulence increases. Regardless, the following study has been 

undenaken. not as a comprehensive study of convection flow, but. assuminç simplified 

aituativns of convection, to sain a basic understanding of the nature and effectiveness of an 

open-çnded roof chamel for reducine heat build-op in buildings. 

1.4.1. \\ ind effects on convection The presence of wind may affect the performance of 

ccmiectiori The SuppIente~~l 10 the .Ii~tiotm/ b'urldiiig Code ofCTarmJo 1995 shows that 

lien \\ irid is present. pressure n- i l1  act on a building. General pressure distributions due to 

\\ irid around a sable-roof building are shown in Figure 2. 

U tien wind flow is parallel to the ridge of a building. one would anticipate little 

iritlucricr on flow within a roof channel open at the eave and the ridge. When wind tlow is 

peryd ic~i la r  to the ridge ofa building one would anticipategreater influence on flow within 

the sanie roof channel. When this occurs - tvhen tvind flow is in the direction of the air 

dianiid - one might speculate that the effecrs of the wind would overpower free convection. 

Orle iiiight speculate hrther that the wind would cause forced convective flon in the air 

cliannsl \ioreover. pressure is greatest at the edges of a building. Therefore. negative 

pressitre. or suction. occurring at one end of the air channel might encourage forced 

son\ estion -1eçative pressure occumng at the eave would cause air flow to occur d o m  the 

roof slope. from the ridge to the eave. 



Figure 2 Esternal peak pressure coefficients around a sable-roof building 
(S~ipplentmf to rlw .\;rriom~f Bui/ding Code of C ~ ~ m i n  1993). 



3. ESPERIMENTAL DESIGN 

3.1. Guidelines for the System Design 

A s  basic guidelines for any new system to be used to reduce solar heat gain in buildings. the 

s!strrii diould use simple principles. be easily constructed with minimal hardware. and be 

sasil'. niaintained. Practically. the system shouId be of realistic cost. As this was a 

preliiiiinrip study. however, the main concern was not to optimize the system design. but 

ratlier. tu sonclude whether or not an open-ended roof channel is effective in reducinç solar 

Iirat gain Funhermore. mininiizing cost was not of concem because there are many ways to 

creatr '3 plenum, and subsequently. many considerations for design optimization - far too 

iiian' tbr the scope of this study It can be seen that the selected design minimizes or 

eli11iiriiite3 the influence of solar eners! gain by making use of the buildinç fabric. The cos1 

of t l i i \  design is based on initial costs and not operating nor maintenance costs Xo n e x  

i o i l s t r ~ c ~ i o n  ivas required, onl! retro-tit inputs were needed. 

3.2 Specifics of the System Design 

3.2.1. The test units .A basic stud-frame test unit, 1830 mm x 7320 mm s 2440 mm, was 

drsigiicd ro mode1 a section of gable-roof building. Three variations of the unit were built. 

The tirst unit was the control. The second unit had a channelled roof with an air channel 

depth uî%) mm. The third unit had a channelled roof with an air channel depth of 90 mm. 



In the channelled roof units an air channel was created at the roof between a top plate 

of fornicd zalvanized steel sheat hing and a bottom plate of oriented strand board. This was 

done to generate convection. The eaves and the ndge were lefi open to encourage 

ionixxtion flow via the air channel and to allow a path of escape for the heated air. 

3.2.2. Test unit constniction Besides the differences in air charnel depth and relative 

po.jition to other test units, the units were identical. Each unit was 1830 mm wide at the eave 

end. - 3 3 )  mm long at the gable end. and 2140 mm high corn the ground to the ceiIing The 

m i d  tiaiiics were sheathed with 1 I mm onented strand board and no insulation was provided 

O l e  \ 1 1  YO ventilation n as provided to the room of any of the test units, and the only 

opcriiiig \ \as a door on the soutli end to provide access to each unit. Each ceiling was 1 1 mm 

orientttd mand board with an overluing vapour barrier Above this. insulation was bloun into 

eacli nrtis \ri th a rating of R S 1 10 rn2mKmW-' No gable vents were installed in any of rhe 

' ~ t  tics. liiw cver. a continuous sotrit opening of 542 x 1 O' mm' was provided at each eave -4 

Liiicpiii - iruss was used to support the 4iI 2 pitch roof There was no roof overhang at the 

&Ir crids Figure 3 shows a cross-section ofthe espenmental design of the channeiled roof - 

i i r i i t  S .  for n more detailed drau in- of t he design. see Appendi'r B. 



Figure Cross-section of the experimental design of the channelled roof units 
(dimensions in mm) 

The differences in the test units stan at the roof layer. above the top chord of the roof 

tmss Above the top chord of the control unit 0.358 mm (29 gauge) formed galvanized steel 

shratliing rested on supponing purlins. The channelled roof units were more cornples. 



Above the top chord of the channelled roof units lay oriented strand board1. a x e d  to this 

\\as diiiirnsion lumber, spaced at 6 10 mm on centre, ninning up the dope of the roof This 

1 \; 4 dimension lumber was on its side for the 40 mm deep air chamel, and on edge for the 

90 mni deep air chamel. Purlins perpendicular to this lurnber, spaced at 6 10 mm on centre. 

supponed the top plate of 0.358 mm (29 gauee) formed galvanized steel sheathing. The eave 

and ridgr ends of the air channel were lefl open. Each eave opening \vas 130 mm in width. 

pro\-iding an open area of 238 s 10' mm'. The Full ridge opening was 150 mm in width, 

pro\.idiny a total open area of Yi x 1 O' mm' For protection from rain and snow a ridge cap 

sonst mît cd of O .  3 3 3  mm (29 sauge) formed galvanized steel sheathing was installed above 

[ l ie ridgct opening (see Figure 4) The ridge cap was open on the eave ends. each end 

pro\ idiris an open area of 233 s 10' mm'. 

F u  4 Cross-sectional diagram of the ndge cap (dimensions in mm). 

' It sliouid be noted that this \vas not considered a radiant bamer as defined in the 
Lirerature Review section. because oriented strand board has a high emissivity value 



3.2.3. Test site layout 

Figure 5 Plan view of site layout and locations of test units. 

Tlic layout of the test site is diagrammed in Fisure 5. The test units were oritnred 

n i r h  the roof slopes in the nonh-south direction, in other words. the ridges were 

pcrptridiailar to the nonh-south direction. They u-ere equally spaced at 1830 mm between 

the ualls. in the east-west direction. The east test unit \vas the control. The middle test unit 

\ras [lie cliannelled roof unit with a channel depth of 40 mm. The West test unit was the 

clianiiellrd roof unit with a channel depth of 90 mm. The test site was located on a plot of 

Icwlled land at the Glenlea Research Station. which is approsimately 10 km south of 



\jvinnipeg A dike ran dong the north and West sides of the test units. To the nonh the top 

of the dikr was approximately 19 m away from the nonh walls of the test units. To the West 

the dike I r  as approximately 2s m away from the West wail ofthe West test unit. Shelter belts 

ran along the south and east sides of the test units. To the south the shelter belt consisted of 

3 stand of dead evergreen trees. two trees wide (approximately 3 rn from trunk to trunk). and 

nppro\iri?ately 7 to 10 m in heioht. This was approximately I O  m away from the south walls 

01' the te31 units To the east t hr shelter belt consisted of a single row of deciduous trees. an 

a \  crage ot' 1 O to 13 rn in height This \\.as approitimately 52 m away from the east aall of the 

east test unit. The aforementioned plot of land was a site of little activity for the duration of 

die tests Furthemore. there ivere no occupants in the test units. and consequently. no 

i iiternril Iirat generation. 

3.2.4. Biisis for design decisions 

Roof tipe Given that sable roofs are most common in agrici Aurai and light-frame industriai 

L~iiildirig~. r his configuration u as sclected The shape of the gable roof also allowed for the 

o b s m  nriori of both the nonh- and south-facing roof slopes. From this it could be determined 

i f  the design was practically applicable. and Funher, whether success required one south- 

facing cliannelled slope or bot h south- and nonh-facing channelled slopes. 

D inierisions of test units The dimensions of t he test units were chosen for their convenience 

alid to riicet espenmental dam collection objectives. The 7320 mm lengrh was not too long 



to manage. and also, though not typical. it is not uncornmon in agricultural and light-fiame 

industrial buildings. The 1830 mm width was chosen so that three 6 1 O mm wide air channels 

ii ould be created at the roof of each test unit and the "isoIatedW middle air channel could be 

obsened The air channels were interconnected by purlins. The middle air channel was 

atTectsd on either side by the ot her channels, and not by gable wall temperatures. The2440 mm 

height as chosen to facilitate the use of typical sheathing panel dimensions and to have 

wtticient space for movement nithin the test units. It should be noted here that there have 

hsen sonir problems reported in usiny smail models for measuring irradiation. Hahn et al. 

( 1962 fmnd that roof temperatures measured on h11-scale buildings are hisher than those 

iiicasiired on smaller mode1 units' Therefore. the use ofother-than-full-scale test units mighr 

1-esiilt in Icnver measured roof t smperatures. 

i l  i ~ i i o n  The walIs nere le f i  uninsulated due to cost. cUso. because summer 

irradiaticin is greatest on horizontal surtàces. and because ofthe large roof-to-wall ratio ofthe 

test U I I ~ I ? ; .  the insolation through the walls was assumed insignificant compared to that 

tIiruugli rhe roof The wall sheathing of 1 1 mm onented strand board gave a ratin2 of 

R S l 1, I in'. K* W-'. 

.A t t  ic irisulation To atlow for ventilation via sofit vents. section 9.19.1.3 of the .l'ntioml 

H I / I / ~ I ~  ( *O& of Càitndn 1995 States t hat not less than 63 mm of space be provided between 

' This temperature difference is due to the various stages of build-up of the boundary Iayer 
o\ er tlie roof as it is affected by roof size and wind. 



t hr top of the insulation and the underside of' the roof sheathing. In cornpliance with this 

ssllulous uas blown into the attic to fil1 a depth of 410 mm. This provided a ratine of 

R S I 10 niT.K.W". 

.Attic ventilation The attic \vas not fitted with sable vents in order to test a worst case 

ssenario dditionally, due to the width of the test units, any gable vents in the attic would 

Iiaw had rhe potential to create excessive and unrealistic ventilation rates. The attic. 

Iiou s\ sr .  had continuous sottit venting at both eaves. As a general rule the recommended 

mininiuni  \ entilation area is one square unit to every three hundred square units of insulated 

ceili ris arsa (section 9.1 9.1 2. .\ir/iomrl Ririldirg (*ode of ConaJn i 995). The insulated 

cciliiip area in each unit was 1 3  4 s i O" mm'. sivine a recomrnended minimum ventilation area 

of 44 b \ lo3 mm'. Continuous sotXt ventins arnounted to a total ventilation area of 

1 4 1 0 m m  This was niuch larser than the recornmended minimum ventilation area. 

lh re \e i - .  because the vents \wre at an equal height. ventilation was not thermally driven. 

\n! \ mtiiation that occurred \\as due to ~vind. 

Roof pitch A 2 roof pitch \vas chosen as it is the most common pitch for gable-roof 

agrisulriiral and light-frarne industrial buildings. It should be noted that this relatively shallow 

roof pitch is not ideal for convection. hlasimum convection flow occurs over vertical plates. 

4 srrrpsr dope would mean increased cost and a greater attic volume which would be wasted 

spasr 



Roof msterial composition Though perhaps not the most traditional of materials 0.358 mm 

( 2 9  - .zause) formed galvanized steel roofs have grown in popularity and availability in 

cconomically poor countnes. This matenal is also often found in animal housing and light- 

franle industnal buildings. For these reasons 0.358 mm (29 gauge) forrned gaivanized steel 

slieathing was used for the outer roof layer of each of the test units. When new, galvanized 

steel lias an absorptivity of O 65 (Incropera and Dewitt 1990) '. The top chords of the 

dianneIlrd roof trusses were sheathed with oriented strand board to serve as the bottom plate 

of the :tir cliannel. Oriented strand board \vas absent from the roof ofthe control unit because 

iiiost h u i l d i n ~ s  typically have only one sheathing layer at the roof -4though this decision 

creatcd grc'ater R. S. 1. -values in the roofs of the channeIled roof units, it also simdated reaI 

l i t  s ir~ratiuns. 

C'lianrieilcd roofs' air channel depths Air channel depths of +O and 90 mm were chosen 

hcsaiihe tlirty are the depth of 2 u 4 dimension lumber on its side and edge. respectively. This 

bsilirnted ihe use of typical iumber dimensions. 

Ridge c;q> As the ridge was Ieft open to promote air flow in the channelled roof units. ndge 

caps \\ ttrc installed to prevent rain and snob from entering the air channels. The absence of 

rniii iiiid siiow from the air channels simplified the analysis. 

' Gali aiiizrd steel has an absorptivity of 0.80 when onidized and weathered (Incropera 
and Deu itt IWO). 



Orientation of test units The north-south orientation of the test units ailowed the attribution 

of the greatest possible solar gain from the south-facing slope. Generally this accounted for 

the greatest amount of heat sain in the test units. It also allowed an evaluation of the 

cunt ri but ion. if any, of insolation from the north-facing slope. 

Spacing between test units The 1830 mm spacing between the test units did not allow for 

the a\ oidance of solar shadon throughout the day. However. the most critical time of testing 

\\ as \\ hm ihe greatest amount of solar gain occurred. Maximum solar energy gain occurs 

i r  lien [lie siin is directly overhead At this time solar shadow is minimized and a11 three test 

~inirs n d d  receive equal solar exposure. Solar shadow was, therefore. assumed to be 

irisoiizqiiential. This spacing also disallowed for the avoidance of wind shadow. 

3.3. Instrumentation 

Copper-Constantan thermocouples. accurate to =O. 5 " C. were used to take temperature 

readiiigs' Given meteorological vanability. the heat source for al1 points monitored in this 

stiid! and the degree of thermal sensitivity of humans and animais. greater data accuracy was 

iiot wiigtit. Locations of temperature measurements are described in Table 1 and 

diagraiiiiiied in Figure 6 .  

Calibrat ion of the thermocouples was not done as this study was interested in obsen-inp 
tenipcrature differences. At the onset of the tests. each thermocouple was tested for 
precision using an Omega thermocouple indicator. Mode1 HH23, with a resolution of 
O I - C  



Table 1 Descriptions of thermocoupie locations. 

Ident iîïer Unit Multiplexer 
Channel 

Location 

anibient air not applicable 

rooni east, rniddle. M-est 

ceiiiii~ east, middle. w s t  

attic east. middle. w s t  

root: wi i th  east. middle. ivest 

1-00 t: i i c ~ r t l i  east. middle. west 

en\ e air middle, west 
dianriel- south 
t E.-iC'S, 

ridgt: air middle. west 
cliaririd. mut h 
( R.-!CS 1 

i-idgti air middle, west 
cliantittl. riorth 
t R . K \  , 

suspended 650 mm above ground 
inside a 150 mm capped steeI 
cylinder, 3 .l m north of middle 
unit 

suspended in centre of room 

attached to underside of ceiIing, in 
centre 

suspended in centre of attic 

attached to underside of south 
steel roof. in centre 

attached to underside of north 
steel roof. in centre 

suspended in centre of south air 
channei, 6 10 mm from eave 

suspended in centre of nonh air 
channel, 6 10 mm from eave 

suspended in centre of south air 
channel. 152 mm from ridge 

suspended in centre of north air 
channel. 152 mm from ndçe 



Figure 6 Diasram showins the locations of temperature measurements for al1 test units 

.A data acquisition system and a cornputer were installed in the middle test unit to collect and 

store renipcrature data. Hrating efFects of this systern were assumed neglizible compared to 

the suriiniér ambient temperatures The data were logged to a U N S Y S  300 (an 80286 PC) 

b> a sanipline program i\.rirten by Matt McDonald, an electronics technician in the 

Depaniiieiit of Biosystems Engineering at the University of Manitoba. Every hour. on the 

Iiour. 1 tirer: successive temperature readings were taken for each location. It should be noted 

rhar \ closity measurements for the convecting air were nor measured It was assumed that 

Iieat tramfer could be detemined from temperature data alone. 

Tests w r ê  begun in the Iate summer of 1996 with an HP 3852A data acquisition system -4s 

i t  \\as on loan, a change was made to a Keithley DAS-1800ST/HR data acquisition system 

befort. the summer's end. This second data acquisition system did not have the required 



srnsiti\ it! and subsequently received interference From a nearby microwave tower and Save 

srroneous data. Due to this interference only two days of proper data were losged for the 

wmmer of 1996. For the tests undenaken in the summer of 1997 another system was used; 

an HP 3440 1 A multirneter with a custom multiplelier. 



4. RESULTS AND DISCUSSION 

4.1, Introduction to Results and Discussion 

The purpose of these tests \vas not to design for the clirnate of a specific locale (i.e.. 

U'innipeg). but rather to assess overall design behaviour in warmer climates. Therefore. the 

data of iitiponance to this thesis were those in which the ambient air temperature was hiçh. 

This sorresponded to the greatest potential for heat build-up in the test units. For this reason. 

drlioiigli data were collected cont inuously. it \vas deemed unnecessary t hat it al1 be analysed. 

l rit rrl  nls i\ ith high ambient air temperatures were chosen for analysis. rather than inten~als 

ot'a\erage ambient air temperatures Data were first collected for the fa11 of 1996. These 

data w r e  discarded because of uncenaintp associated with the instrumentation (see the 

II~pzr-iiiieiital Design section) However. even at moderate temperatures and in spite of 

iristriiiiieiitntion dificulties. tliese tirst tests demonstrated a drop in attic temperatures with 

t lie iiiclitsion of an open-ended roof channel. This indicated a need for more data. especially 

at Iiiglier remperatures. and data u-ere collected durinz the summer of 1997'. The days 

i l i o ~ ~ i i  ibr analysis were the clth. 10th . and 2 1 st of lune. the 30th of July. and the 7th and 

I-lrti of-\ligust. June 2 1, the summer solstice. was chosen for observation as it is the day of 

rlie !car nith the longest potential for incoming solar radiation. Aithough ambient air 

rcniperariire only reached a masimum of approximately 30°C. it was generally a sunny day. 

' . \II  logged data are available on 3.5 inch diskettes. .Al1 data for 1997 06 09 have been 
tahiilared in Appendis C. 



The reniainder of  the days were chosen for analysis because of their high ambient air 

temperat ures. with maximums ranging frorn approxirnateiy 3 3 t o  36 O C. Moreover. the main 

pan of rach of  these days was clear and sunny6 

A ambienr air 

0 room 

x cciiing 

+ anic 

m root:S 

roof- N 

Ficure - - 
Temperatures for the control unit. for 1997 06 09. illustrate the 
ceneral trend of  data for each of the test units. and each of the tests. - 
The perforated lines indicate periods of interest for purposes of 
analysis'. 

" Weatlier summaries were obtained for the days chosen for analysis from Environment 
Canada (see Appendix D). 

I I  graphs in the Results and Discussion section have been generated for 1997 06 09 in 
.\pperidiu E). 



Individual tests were designated by separating the data into days fiom midnight to midnight. 

In this \\au the data points monitored for each test unit began, and ended. in a more or less 

rtrzd!- state (see Figure 7). Thus each day. or test, began with al1 the data points at 

approvirnately equal values. .As the day progressed the influence of the sun caused an 

insreasct ii i  ambient air and roof temperatures. and consequently, an increase in attic and room 

t emperatiires. At the close of each day, this solar heat gain decreased and al1 the data points 

con\ q c d .  to approximately r he same temperature. 

\\liilr tacli day çenerally follon ed a sradual rise and fa11 in temperatures. specifi CS varied due 

to the suiistant variation in ambienr air temperature. cloud cover. and wind speed and 

dirrctioii For this reason no statistical analysis was undertaken .-Uthough observation was 

iiiairil! qiiantitative. inferences tr ere qualitative. 

4.2. Common Elements of AI1 Test Units 

First. the cornmon elements for all test units were esamined. The following can be noted by 

lookirig nt the typical trend of a day's data in Figure 7 At night al1 test unit temperatures 

\r ere appi-osimately equal to ambient air temperatures. -4s the Sun rose heat gain by the test 

iiriits cumrnenced, and temperature differences between the ambient air and the room. and the 

aiiibicnt air and the attic developed and increased. Generally this occurred between 0800 and 

iLIOO II I t  was this period of time. when temperature differences occurred. that was of 

iiiterrst The period of interest. for performance observation, was restncted even further to 



the intrn al between 1 300 and 1 800 h when temperature differences remained relatively 

stable 

-1.3. Heat Sources, Heat Sinks, and General Direction of Heat Transfer 

A A ambient air 

m room 

Figure 8 : Temperatures for the 40 mm channelled roof unit. for 1997 06 10. 
illustrate the general relative trend of data between the ceiling, the 
attic. and the room for each of the test units, and each of the tests. 

O\.ttrnll. attic temperatures ivere lower than ambient air temperatures. One would have 

;iiir icipatcd the reverse due to attic heat build-up. This unexpected observation may be due 

to the tstYectiveness of the ~alvanized steel roof as a shade against radiation. Another 

iicie.;pecit.d observation was t hat for each test unit, the temperature of t he ceiling was almost 

al!\ ays Io\\ rr than the temperatures of bot h the room and the attic. .A typical trend of the 



relative temperatures of the ceiling. the attic. and the room can be seen in F ip re  8 -4lthough 

t hesr trniperature differences were srnall. typically O to 2' C and not larger than approximately 

6 ' C. the! did exista. One would have expected the temperature of the room to be lower t han 

the teiiiperature of the ceilin-. and both to be lower than the temperature of the attic. This 

n ould have indicated heat transfer from the attic. through the ceiling. into the room. The 

obsttn.ed data indicate, howe\.er. that the ceiling acted as a bamer, and the room and the attic 

L\ erc t liernially isolated. Therefore. when making temperature cornparisons the temperature 

the mis. rather than that ot'the room, \vas used. 

4.3.1. Thermal isolation of the room and the attic Four suppositions can be  made as to 

t lie cauw cif the thermal isolation of t he  room and the attic. First. sofit ventilation may have 

pro\ idcd wficient heat remo\.al to reduce attic temperatures. Recall from the Expenrnental 

Design section that the actual sotfit ventilation was far Sreater than the recommended 

iiiiniiiiiini attic ventilation. Therefore. an excess capacity for ventilation esisted. This sofit 

i critilatioii might have been large enoush that. rvith suficient uind. ir created a flow channel 

tliruugli [lie middle of the attic. reducing the attic heat. This. however. is not a defensible 

spcculatioii as soffit ventilation must be wind dri\.en and it is unlikely that wind was suficient 

to cause constant ventilation If this theory esplains the obsewation of lower attic 

teiiipcratiires. constant ventilation would have had to occur. Funhermore. recall from the 

Recall frum the Experimental Design section t hat Copper-Constantan t hennocouples are 
ascurate ro 0.5 O C .  Funhermore. their precision was tested before installation to be = O 2  O C .  

For tliis rrason temperature differences as small as OS0C were considered to be of 
iiiiponarice. 



Literature Review section that ASHRAE suggests that, during periods of heating, a well 

désigned ventilation system \ d l ,  at best. maintain the ventilated area's temperature to within 

2 ' C above that of the supply air (ASHAYE Hm~dbook: Hrnti~ig. F &~ti/arit~g. and Air 

( -o/ah/io/u~rg: Si-stems m ~ d  f:'pipntrr~t. 1996). 

Secondly. air leakage ma) have occurred out ofthe attic. Ifthe attic air was stagnant 

and layering occurred, the temperature of the layer along the underside of the roof would 

have correlated with that of the roof. while the temperature ofthe layer alonç the upper side 

of the seilin3 would have correlated ~vith that of the ceiling. In other words. the top layer 

iwiild lia\ r: had a higher temperature than the bottom layer Leakase occumng at the attic's 

ptral, \i d d  have caused an increasing temperature gradient from the bottorn to the top ofthe 

i i t t i ~  This idea lends itself to the inference that a middle layer euisted. the temperature of 

u hich i\ a, an average of the top and bot tom layers As the attic temperature was rneasured 

at t h 4  rniddle layer, it ma! not have been indicative of the true attic temperature. but rather 

a I r  Temperature variations within the attic. theretore. cannot be established. and 

ziibsqiit'iit ly. neither can the tme average attic temperature nor heat flow patterns. 

-4 r tiird speculation as to the cause of thermal isolation between the attic and the room 

iz tliat Iieac gain. throuçh the uninsulated south wall, may be çreater than the insubstantial 

aiiiourit crri$nally anticipated in the Expenmental Design section. This influence is supponed 

h!- an obmvation cornparin- the room temperatures of the three test units oïer time (see 

Fisure 9a i 



a) room temperatures 
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Figure 9: a)  Room and b) attic temperatures for al1 three test 
unit S. for 1 997 06 3 1. illustrate the general relative 
trend of data between the test units, for each ofthe 
tests. 

Before 1600 h the room temperature of the 90 mm channelled roof unit was lower 

t han t tiat of the control unit. and bot h were lower t han that of the 40 mm channelled roof unit. 



For example, their temperatures at 1500 h were approximately 14.5. 25.5. and 26.5 OC. 

rrspecti\ elv M e r  1600 h the room temperature of the control unit was lower than that of 

the 90 mni channelled roof unit. and both were lower than that of the 40 mm channelled roof 

unit For esample, at 1 700 h. t heir temperatures were approximately 25.5. 2 6 . 5 ,  and 27.0" C .  

respect i \  ely. 

These observations do not correspond to the attic temperatures of the test units The 

nrtic temperature of the 90 mm channelled roof unit was lower than that of the 10 mm 

shanrislled roof unit, and bot h were lower than that of the control unit (see Fisure 96). The 

cross-owr for room temperatures uas probably due to solar gain through the walls, and 

rubsequeiit heat storage. Furthermore. remember that the Sun follows an east-iising and 

\\ est-,etiirig path In the morning the sun had a greater influence on the east unit (Le.. the 

control ciriit ). In the evening the sun had a greater influence on the West unit (Le.. the 90 mm 

c1i;inridled roof unit). 

.A tourth approach miyht be taken to understand the inferred thermal isolation. It is 

possible tliat the measured ceiling temperature was an anomaly Only one data point was 

iiioniiured for the ceilins. in t hr middle of it s underside. Had an average of ceiling data points 

ber11 t a l m  it might have indicated that the ceiling temperature \vas between the attic and 

roorii teniperatures. This would indicate heat transfer from the attic, throuçh the ceilin9 into 

r lie rooni. as was originally anticipated The theory of heat transfer, from the attic to the 

rooni. is reinforced by the previous obsemation t hat the room temperature kvas consistently 

higher in the 10 mm channelled roof unit. than in both the control and 90 mm channelled roof 

iinits ln fact, based on the previous theory of heat gain through the south walls. one would 



anticipare that the room temperature in the 40 mm channelled roofunit woutd be the lowest. 

This unit. the middle unit, would not have received as much moming nor evening Sun as the 

rasr and \{est units would have received. respectively. Because this unit's room temperature 

\\as the highest, it can be deduced that it received heat gain from somewhere other than the 

wdls The only plausible source of this heat is from the attic. through the ceiling. 

The first t hree t heories as to the cause of thermal isolation of the room and the attic. 

san also be used to speculate as to why. as a general observation. the attic temperature was 

alna!-s loner than the ambient air temperature. Due to heat storaçe in the attic. as a 

consquerice of heat transfer from the ambient air. or the roof, or both, one would have 

arlticipatsd the attic temperature to be higher than the ambient air temperature in al1 three test 

iiriits This was not the case. however. Therefore. one might theonze that the attic 

teniperariire was lower than the ambient air temperature due to sofft ventilation. attic air 

Ieakage. suuth wall heat gain. or some combination of the three. 

Figure 10 illustrates observations regarding the source of heat for various locations 

iii the te3t units. Again. these obsen.ations are typical and cornrnon to al1 three test units. 

Tlic room temperature was loner than the ambient air temperature. typically by 4 to 5 "C. 

Therehre. heat was transferred t'rom the ambient air into the room. Because heat did not 

sotitinué to build-up in the room to become u-armer than the ambient air temperature. one 

riiight speculate that the soil, u hich was the foundation for each test unit. acted as a heat sink. 

The soil \r as shaded by the test units. As a result. thecapacity of the soil to act asa heat sink was 

zreat This might account for the relatively low temperatures in the rooms of the test units. - 
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Figure 1 0 - Temperatures for the 90 mm channelled roof unit. for 1 997 06 09. 
illustrate the seneral trend of temperature differences for eacli of 
the test unit S. and each of the tests. 

Firially. the attic temperature \vas lou-er than the roof temperatures of both the south 

a i d  rionli d o p e s  It appears that heat transfer occurred from the roof into the attic 

1.3.2. Roof systern divisions: the EAC, M C .  and AC sections For rernaining purposrs of 

dirsiissiuii and to facilitate a brtter understandin3 of the directions of heat transfer. the roof 

systcrii lias been divided into t hree sections, as shown in Fisure 1 1 .  The  Eave .Air Channel 

or E X  section, the Ridge Air Channel or RAC section, and that between the two. the Air 

C hanriel a f . K  section. These acronyms will be appended with an "S" or an 'Y' to designate 

~outli or nonh roof slope. respectively. 



Figure I I Side view of the roof system division into the EAC, AC. and RAC 
sections for clarity of discussion. 

4.4. Observations for the Control Unit 

Bct'ore niaking any cornparisons betneen the three different test units. the trends obsemed 

Lw the control unit will be anal'sed. Attic temperatures were lower than both ambient air and 

roo frrrnperatures. These teniperature differences kvere approximately 1 to 2 ' C and typicaily 

to I O ' C. respectively. These temperature differences infer that heat transfer occurrcd into 

~ h c  attii. from the roof. The relatively large magnitude of the temperarure difference. 

hctneen [lie attic and the roof suggests that a large amount of heat sain into the control unit 

as a rewlt of the high roof temperatures These high roof temperatures u-ere a result of 

inconlins solar radiation. Therefore. the contribution of solar radiation to heat sain in the 

cuntroI unir uas large. 



4.5. The Control Unit Versus the Channelled Roof b i t s  

T h e  (h )  

Figure 12: Attic temperatures for al1 three test units. for 1997 08 14. 
illustrate the seneral relative trend of data between the test units. 
for each of the tests. 

-\ grapli of the attic temperarures of each of the test units indicates that. overall. attic 

reiiiperariire was higher for the control unit than for the channelled units (see Figure II). For 

tliis pnnicular day. between 1300 and 1 700 h. a temperature difference esisted between the 

sontrul aiid the 40 mm channelled roof units. of 3°C dropping to O T .  .A temperature 

di tYerciicc existed between the control and the 90 mm channelled roof units. of 4 'C dropping 

to I :C .A temperature differrnce of 1 'C esisted between the 40 and 90 mm channelled roof 

mirs One can infer that the reduction of heat sain occurred to a greater estent in the 

channelled roof units than in the control unit. 



3.6. Obsemations for the Channekd Roof Units 

Ficure - 13: South and north roof temperatures for 10 mm channelled roof 
unit. for 1397 OS 24. illustrate the çeneral relative trend of data 
between the test units. for each of the tests. 

Orie ii w i d  anticipate that the south and nonh roof slopes would receive different effects tiom 

r l ie siiii and uind. due to solar angle and roof tilt. thereby generating different effects of hrat 

gain uri r lit. test units -4s Figure 13 shows. t his was the case. Temperatures on the south and 

iionli roof, were not equal. For this reason the south and nonh roof slopes were analysed 

wparately 

Bciore co~itinuine the locations of the data points corresponding to the roof system divisions 

of Figure I 1 units wiIl be restated. Part of Figure 6 has been reproduced in Figure 11 for this 



purpose Corresponding data point nomenclature are given in Table 2. 

Figure 14 - Side view diagram o f  pan of the roof structure for the channelled roof 
unit S. illustrating the locations of the t hermocouples. 

Table 2 :  Nomenclature used for purposes of discussion for data 
points in the air channels. 

- - 

Channelled Roof Cnit Themocouple Number Symbol 

40 mm (rniddle) 20 EACS-IO 

90 mm (west) 1 1  EACS90 

40 mm (middle 15 E.ACN4O 

90 mm (west ) 6 E.ACS90 

40 mm (middle) 18 RACS-IO 

90 mm (west) 9 RACS90 

40 mm (middle) 

90 mm (west) 



4.7. Observations for the South Roof Slopes 

.As \Las mentioned previously. the metal roof was a substantial heat source for the test units. 

The heat gain at the roof was due to solar radiation. This was common to al1 three test units, 

as n as indicated by the relatively equal metal roof temperatures (see Figure 15). Variations. 

of up to 4 'C, in south metal roof temperatures may have been due to wind and subsequent 

itietal sooling, on both the upper- and under-sides of the metal. 

1 control 

A 40 nml 

90 nun 

Figure 15: South metal roof temperatures for al1 three test units. for 
1997 07 30. illustrate the seneral relative trend of data for each of 

the test units. and each of the tests. 

Figure I b illustrates typicai temperature data for the south air channels. For both channelled 

iinits. the attic and EACS temperatures were approximately the same. One would have 



rspectrd the EACS temperature to be equal to or  higher than the ambient air temperature. 

due to heat gain and build-up. as the ambient air and the roof were the source of heat to the 

E-\CS However. the EACS temperature was. in fact. lower than the ambient air temperature 

by apprmirnately 2 ° C  Therefore. there appears to have been a coolin= 0 et-fect from some 

~ i n l i n o n n  source. One speculates that this cooling source is the same as that mentioned 

previously for the explanation that attic temperatures were lower in the channelled units than 

in the control unit. When compared to the M C S  temperature. however. the ambient air 

temperature was lower. as one would have expected. 

Figure 1 6. Temperatures for the 40 mm channelled roof unit. for 1997 06 10. 
illustrate the general relative trend of data between the arnbient 
air. the roof the E.ACSIO. the RACS4O. and the attic for the 
channelled roof units. and each of the tests. 



Additionallv, one observes, from F i g u e  16. that the EACS temperature was lower than the 

R.4C S t emperature. Heating must have occurred wit hin the air channel. Moreover. bot h the 

EACS and R K S  temperatures uere less than the roof temperature. This sqgests  that heat 

rransfer occurred from the roof into the air channel. at both the eave and ridge ends of the air 

sfiannel Asa, recall that the attic temperature was less than the roof temperature 

Thereforr. it appears that heat transfer occurred from the roof to the attic through the air 

stiannel However. air channel temperatures were higher than the attic temperature and not 

q u a i  to t hem. Therefore. one can infer that the maximum potential for heat transfer. into the 

attic. \\as not reached. 

I control 

Time (h) 

Figure 1 7: Temperature differences between the south roof and the attic for 
al1 three test units. for 1997 08 07. illustrate the senetal trend of 
data for each of the test units, and each of the tests. 



The teinperature difference between the south roofand the attic was relarively large, typicaily 

bet ween 3 and 13 " C (see Figure 1 7). Therefore, one can infer, as was done previously, that 

tliere !Las a substantial amount of heat transfer to the attic, fiom the roof From this one 

niisht infer an increase in attic temperature as a consequence of heat transfer and storaçe. 

How\er.  rhis attic temperature increase did not occur. Thus, there must have been a 

reduction in the heat gain that transferred from the roof to the attic. 

For the south roof siopes ofeach channelled unit. the temperature difference between the roof 

and t lie EACS w-as much greater than the temperature difference between the EACS and the 

nt t ic Fiinliermore. the temperature difference between the RACS and the EACS was much 

prearcr ilinn the temperature diference between the EACS and the attic. Therefore. one 

couid ititer that most of the heat of the EACS flowed into the M C S  In other words. heat 

\tas hiiilr up in the air channel This acted as a heat sink which was constantly being 

replsriished by heat tiom the steel roof Sirnilarly. due to the temperature differences between 

t lie roof and the R K S .  and the RACS and the attic. one could infer that heat was transferred 

from rtir roof to the M C S  to the attic This is better understood by considering the EACS. 

R . K S .  aiid ACS sections defined previously in Figure 1 1 .  

4.7.1. Heat transfer within the EACS, RACS, and ACS sections Refer again to Figure 16. 

LooLiiig at the E.KS section. the temperature difference between the roofand the EACS was 

appro~iniately 7 to 10°C. That between the EACS and the attic was approsimately 0°C. 

Thereiorc. it could be surmised t hat t here was little, if any. heat transfer into the attic within 



the EACS section of the system. Funhermore. o b s e ~ n g  the ACS section. the temperature 

ditference between the EACS and the RACS was approximately 5 to 7°C. Therefore, 

becauw the heat from the EACS section did not go into the attic. and because of the existence 

of a temperature difference, it can be deduced that there was a relatively large arnount ofheat 

tt hich tlon ed from the EACS into the M C S .  or rather. that there was a large arnount of heat 

build-up nithin the air channel. This establishes the idea that heat flowed within the air 

shannel tiom the eave to the ridge In other words. it appears that natural convection tlow 

occurred \vit hin the air channel Finally. analysine the -CS section. the temperature 

ditference between the roof and the R X S  was approximately 3 to 5 " C. The temperature 

ditrercnce between the RACS and the attic was approximately 4 to 7°C. Therefore. it was 

wpposed that there was a great deal of heat transfer into the attic uithin the RACS section 

oi' the s!stem. The source of this heat was that which buiit up in the air channel from the 

E . K S  section. and that which entered the air channel from the roof 

4.7.2. T h e  JO versus 90 mm channelled south roof unit For the 40 mm channeiled roof 

unit .  i he temperature difference between the air channel (namely the RACS) and the atric was 

creater than that for the 90 mm unit. by 1 to 3 O C  (see Figure 18). Therefore. one may infer - 
t hat a slightly greater amount of heat was transferred to the attic from the air channel for the 

40 mm channelled roof unit than for the 90 mm unit. This might be attributable ro the fact 

that die mm air channel has a geater volume. This will be elaborated on later. 



Fisure 1 8 : Temperat ure differences between the RXC S and the attic for the 
channelled roof units. for 1997 07 30. illustrate the peneral trend 
of data for the channelled roof units. and each of the tests. 
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The heat \\hich flo~ved up the dope of the air channel did not al1 remain in the RACS 

>est ion Some of the heat was transferred into the attic. as \vas previousiy indicated. Some 

o t' t tir Iittar remained in the RAC S However. because the roof system was open at the ridge. 

oiie iiii-ht bpeculate that somr ofthe heated air continued its natural convection flow, out into 

the anibient air. While assessing the 40 mm channelled roof unit. it !vas observed that the 

xiibient air temperature was less t han the RACS temperature. Figure 16 shows the typical 

tsniperat lire differences between the ambient air and the RACS of 2 to 4 ' C. Therefore. heat 

ilou occiirred from the RACS to the ambient air. Assessing the 90 mm channelled roof unit, 

it \ \as  observed that, at tinies. the ambient air temperature was lower than the M C S  

remperaturo, and at times. it ifas higher than the R4CS temperature. From this alone no 
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inferences can be drawn regarding the existence. nor the direction, of air flow However. it 

\\as prc\iously observed that the EACS temperature was less than the RACS temperature. 

RecalI also the direction of heat flow within the E X  and M C  sections. This establishes the 

existence of air flow up the dope of the air channel. from the eave to the ridge. In other 

nords. as was deduced previousl';, it appears that natural convection flow occurred within 

the air shannel removing heat from the channelled roof units. The oscillating nature of the 

temperature differences between the ambient air and the R4CS. for the 90 mm channelled 

roof unit. n as likely caused by wind From this. one may infer t hat the 90 mm channelled roof 

u n i t  \\as intluenced more greatly by uind than the 10 mm unit. This hypothesis will be 

de\ rloped in the section. 0bsen.ations for the Sonh Roof Slopes. 

4 s  n-as stated in the preceding paragraph. the temperature difference between the 

RACS and the ambient air was geater for the 40 mm channelled roof unit than for the 90 mm 

m i t .  typicall'; by 1 to 3 "C (sre Fisure 19) From this observation. one might conclude that 

ilie 40 r i i i i i  air channelled roof \vas more effective in preventing high attic temperatures. 

Won el sr. the temperature difirence between the attic and the roof was almost equal for both 

40 arid LX) mm channelled roof units. Furthermore. if heat flow and removal occurred via 

iiatural convection. up the slope of the channel, the following argument holds The area of 

the 40 nirn air channet i s  less than that ofthe 90 mm air channel. Therefore, the volume of 

t h e  40 iiirii air channel is less than that of the 90 mm air channel. From this. one may gather 

tliat the 90 mm air channel heated up more slowly than the ?O mm air channel. .Uso. at an? 

<ken \.elocity the mass movement within the 40 mm air channel is less than that within the - 
90 mni air channel At any given mass movernent the velocity within the ?O mm air channcl 



is less than that within the 90 mm air channel. From this. one may infer that more heat was 

accuniulated in the 40 mm air channel, while more heat was removed out of the 90 mm air 

channel This is supponed by the observation that the RACS temperature for the 40 mm air 

channel ii-as hizher than that for the 90 mm air channel. This argument can be used to dari@ 

the observation that the temperature differences between the ambient air and the RACS were 

creater for the 10 mm channelled roof unit than for the 90 mm unit. - 

Figure 19: Temperature differences between the M C S  and the ambient air 
for the channelled roof units. for 1997 06 10. illustrate the general 
trend of data for the channelled roof units. and each of the tests. 

Siniilarly. the temperature difference between the RACS and the roof was g-eater for 

t lie 90 nini channelled roof unit t han for the 40 mm unit. typically by i to 2 " C (see Figure 70). 

The roof temperatures for the two channelled units were approximately the same, and the 



R K S  teniperature was less t han the roof temperature. From this it can be inferred. as it was 

obsen ed. r hat the RACS temperature was higher for the 40 mm channelled roof unit than for 

the 90 nim unit. Therefore, it appears that the 40 mm channelled roof unit received greater 

heat tiian the 90 mm unit. .Also, recall the observation that the temperature difference 

betwxn the attic and the R4CS was greater for the 40 mm channelled roof unit than for the 

90 mm unit. This confirms that there was greater heat transfer to the attic for the 40 mm 

shannclled roof unit. .As an overall obsemation. the temperature of the attic in the 40 mm 

chanriellsd roof unit was typically 1 "C higher than that in the 90 mm unit. 
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Figure 20: Temperature differences between the RACS and the south roof 
for the channelled roof units. for 1997 06 09, illustrate the general 
trend of data for the channelled roof units. and each of the tests. 



Overall. t hr  attic temperature of t he 90 mm channelled roof unit was Iower than that of the 

40 mm channelled roof unit, and both were lower than that ofthe control unit. Therefore, the 

ctTkcti~eness in preventing hirh attic temperatures was greater in a test unit with an air 

shannsl t han one without one Furthemore. the 90 mm deep air channel was more effective 

in pre\rnting high attic temperatures than the J O  mm deep air channe19. 

1.8. Observation for the 'iorth Roof Slopes 

Oiir \\ oiild anticipate similar behaviour for the nonh roof slope to that of the south. Cpon 

initial chervation. however. it appeared that there was no trend in the nonh roof slope 

temperatlire data. At times t h e  RACK temperature was hieher than the EACS temperature. 

At  orlier iinies. the reverse kvas true This is illustrated in Figure 2 1 .  At 1300 h. the RACS9O 

teniperarure was higher than the EACN90 temperature From 1100 to 1500 h. the reverse 

u as tnie At 1600 h, the R.ACS90 temperature was again hi-her than the E X 5 9 0  

reriiperat lire At 1-100 h. the temperature gradient reversed agiin. .At 1800 h. the temperature 

cradiriii re\-ersed once again. This oscillating nature was typical of the nonh roof slopes for - 

inds bearins south, south-west. and south-sout h-west. Similar oscillations occurred 

hetnrrii the air channel and attic temperatures Therefore, no trend rvas apparent for the 

iicirt h roof slopes. 

" Recall that the inference was based on attic temperature as a guide, rather than room 
teniprrarure. due to the apparent thermal isolation of the two spaces. 



Figure 2 1 Temperatures for the 90mm channelled roof unit, for 1997 06 2 1. 
iilustrate the general trend of data between the ambient air, the 
roof, the E.ACX90. the Rri\CN90, and the attic for the channelled 
roof units. and sach of the tests. 

.\lttioiigti there were no obvious trends in the data, some basic obsenaions can still be made 

tiir the nonh roof slope. Man! of these observations are the same as those obserc-ed for the 

south roof dope. The roof temperature was higher than the air channel temperature. which 

N as Iiiglicr than the attic temperature Therefore. as for the south roof slope. it appears that 

k a t  trniiskr occurred from the roof to the attic through the air channel. Aiso. air channel 

teniprtratiires were higher than the attic temperature and not equal to them. Therefore. one 

san speculate that the maximum potentiaI for heat transfer, into the attic. was not reached 

The ttniperature differences between the nonh roof and the attic were relatively laree, 



t?.pically between 6 and 12" C One may thus infer. as was done for the south roof slope. that 

t here \ras a substantial amount of heat transfer to the attic. from the roof One might 

wbsequently infer an increase in attic temperature as a consequence of heat transfer and 

st orage The attic temperature did not. however, increase above the ambient air temperature. 

Therefore. asain. there must have been a reduction in the heat gain that transferred from the 

roofto the attic. 

For both channelled units. the temperature difference between the nonh roof and the air 

shanncrl t both the EACN and the R K N )  uas much greater than the temperature difference 

ber \L een t hr air channel and the attic Therefore. one may deduce that most of the heat gain 

tioiii the roof was rransferred into the air channel. but not into the attic. -4s in the south roof 

4ope. the air channel acted as a heat sink which was constantly bein- replenished by heat 

tiorii t lie steel roof 

-44; the ambient air and the roof lkeere the sources of heat to the air channel one wouid have 

r~pecred. as was anticipated for the south roofslope. that the air channel temperature would 

hc: èqual to or higher than the ambient air temperature. This uas typically the case for the 

E C \  temperature. It was senerally O to ZcC higher than the arnbient air. For the RK': 

t èitiperat lire. however. it was typically equal to or lower than the ambient air. by up to 2 O C 

4.8.1. Heat transfer within the EACN, RACN, and ACN sections For the south roof it 

\tas speculated that heat reduction occurred via natural convection flow. within the air 



channrl. frorn the eave to the ndge. For the nonh roof slope the EACN temperature was 

cenerally higher than, or equal to. the M C N  temperature. with the ambient air temperature - 
faIlin2 in between the two. Therefore. one can infer that heat flowed from the ridge to the 

eave This direction of flow (in other words, down the roof slope) is not consistent with the 

theon of natural convection flow Natural convection will occur up inclined parallel plates, 

but not d o w  thern. Therefore. some other means. other than natural convection, caused heat 

reducrion ~vithin the north roof slope. The fact remains, however, that heat reduction did 

occur 

4.8.2. The JO venus 90 mm channelled north roof unit Cornparison ofthe two channelled 

roof units reveals the obsen-arion that the EACN temperature [vas higher than the R K N  

r emperat lire was more typical of t he 90 mm channelled roof unit. and t hat the obsemation that 

the E . K \  and RACN temperatures were equal was more typical of the 40 mm channelled 

roof unir Furîherrnore, the E . K X  RAC';, and attic temperatures for the 40 mm channelled 

rvoiuriit generally lie in a range within the lirnits of the 90 mm unit's temperatures. Also, 

\ \hue the EACS temperature was higher than the M C N  temperature in the 40 mm 

sliannelled roof unit. the temperature differences ivere less than those for the 90 mm unit. 

Therefore. as with the south roofslope. one can speculate that the 90 mm channelled roof unit 

n as niore effective in preventin j attic heat build-up than the 10 mm unit. 

The teniperature diKerence between the attic and the roof was greater for the 10 mm 

cliannrlicd roof unit than for the 90 mm unit. typically by 1 to 2 ° C  From this, one might 



infer that the 40 mm channetled roof unit was more effective than the 90 mm unit in 

preventin, high attic temperatures. Again. this cm be understood by the greater volume of 

the 90 nini channel. allowine for Sreater heat removal. 

Overall. the attic temperature in the 90 mm channelled roofunit was typically 1 "C lower than 

that in the 40 mm. Therefore. the 90 mm air channel unit was more effective than the 40 mm 

air channel unit in preventing high attic temperatures: however. this prevention did not occur 

\ ia natural convection within the air channel. 

4.8.3. Observations correlated with wind data L'pon examination. a trend appears uhen 

corrclating temperature and wind data'" When the EACN temperature was higher than the 

R . K \  teiiiperature. correspondins winds bearings were sout h, south-west. and south-south- 

n est. becu een 1 5 and 39 km hr Figure 21  illustrates data from both ends of this uind specd 

rangs I I I  Figure 12a wind sperds ranging from 35 to 39 kmihr are illustrated Figure 2 b  

illusrrares \vind speeds rangin- from 15 to 18 k d h r .  When the wind \vas at least 15 kmlhr 

hsaring south. sout h-west, or south-south-west. it appears that the influence of wind on air 

tlon ir irhin the channel was greater than that of natural convection. One ma) infer that 

coriwct ion flow occurred wit hin the air channel, however. the presence of wind as a driving 

torce for air flow indicates that this convection flow was forced, not natural. 

"'\iïrid summaries were obtained for analysis from Environment Canada (see Appendis E) 
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Timc ( h )  
a) maximum wind speeds 

f x EACN = 

Tirnc th )  

b )  minimum wind speeds 

Figure 22: a )  Ma..imum and b) minimum air channel temperatures for 
the 90 and 40 mm channelled roof un is ,  for 1997 06 09 
and 06 1 0. respectively, illust rate the data for the  estreme 
limits o f  intluential L\ ind speeds. 

It should be noted that south and south-east winds did not appear to have a similar 

e t k t  Of the six days chosen for analysis, one day, 1997 08 24. had winds in the south. 



south-east. and south-south-east direction. As Figure 23 illustrates, the overall trend of 

temperatures for this particular day followed that of the south roof dope. The EACN 

tsmperature was lower than the RACN temperature. and it appears that heat was removed 

by natural convection flow in the air channel. 

A 
L 

5 x EACN 
C 
a 

Tirne (h )  

Figure 23: .%r channel teniperatures for the 10 mm channelled roof unit. 
for 1997 08 24. illustrate the trend of data for the channelled 
roof unit s corresponding t O winds. sout h. sout h-east. and 
sout h-south-east 

When winds were niore west than south. for example west-south-west. as for 

1 997 06 2 1.  although wind speeds were moderate, 7 to 28 k m h .  temperature differences 

b e t w r n  the E.AC9 and the RACN oscillated for both the 40 and 90 mm air channels (see 

Fi~ure 2-11 Therefore. it was deduced that west winds did not have a large effect on air 

channirl t low The lack of correlation between wind and air flow may have been due to the 



relatively low ambient air temperatures on this day, reaching a maximum of 30°C. as 

compared with other test days' maximums o f  33 t o  36°C. 

Timc ( h )  

a) 40 mm channelled roof unit 

Timc ( h )  

b) 90 mm channelled roof unit 

Figure 34: Air channel temperatures for the  a) 40 and b) 90 mm 
channelled roof units, for 1 997 06 3 1, illustrate the trend 
of data for the channelled roof  units correspondin9 to  
winds more west than south. 



Timc ( h )  

a )  40 mm channelIed roof unit 

x EACN 

X RACN 

O t\ind 

Timc ( h )  

b)  90 mm channelted roof unit 

Figure 25 : Air channel temperatures for the a) 40 and b) 90 mm 
channelled roof units. for 1997 07 30, illustrate the trend 
of  data for the channelled roof units corresponding to 
moderate winds, sout h, south-west, and south-south-west. 



Based on the strong intluence of winds on air flow within the air channel. 

additional analysis was warranted. Because on- south, south-west. and south-south-west 

N inds appeared influentid, data from 1997 06 2 1 and 1997 O8 24 were not included in the 

follo~\iny analysis. Wind is defined as Iight. moderate, and strong by Environment Canada. 

Of the data chosen for analysis. wind was never "light". When wind was '-moderate" or 

"st rang-'. several observations can be made. 

Between wind speeds of 17 to 34 km/hr. as for 1997 07 30 (see Figure 25) the 

E X \  temperature was loner than the RACN temperature. in the ?O mm air channel. 

Thçrrbre. ir appears that air tlow moved from the E.AC section to the RAC section. natural 

con\ rction flow having occurred In the 90 mm air channel the EACN temperature was 

Iiiglier tlian the RACN temperature It appears. rhen, that air tlow occurred in the reverse 

direction From this it can be deduced that air flow occurred due to wind and forced 

w n \  ection tlow overpowered natural cmvection flow in the 90 mm air channel. 

For the strong moderate wind speeds of 24 to 35 krn/hr and 15 to ZS k h r .  as 

h r  l W Ï  OS 07 and 1997 06 10. respectively (see Figure 26), the EACN temperature was at 

tiriitts Iiigber than. and at times loiver than. the RACN temperature in the 40 mm air channel. 

For t lie "0 mm air channel. the EACS temperature was higher than the M C S  temperature. 

Thus it  can be inferred, that for moderate winds, air flow occurred from the RACS section 

to the E . K S  section, and forced convection flow \vas dominant for the 90 mm air channel. 



Timc (hl 

a)  40 mm channeiled roof unit 

Tirnc (h) 

b) 90 mm channelled roof unit 

Figure 36. Air channei temperaturrs for the a) 40 and b) 90 mm 
channelled roof units. for 1997 08 07 and 06 10. 
respectively. illustrate the trend of data for the channelled 
roof units corresponding to strong moderate winds. south 
to sout h-sout h-tvest. 

When wind was "strong", as for 1997 06 09 when wind speed ranged from 

ii to 39 An~'hr, the EACN temperature was consistently higher than the RACN temperature 



for both the 40 and 90 mm air channeis (see Figures 27 and '?a). Therefore. it can be 

inferred that for strong winds. air flow occurred from the U C N  section to the EACN 

section. and natural convection was overpowered by forced convection. 

Tims (h) 

Fisure 27- Air channel temperatures for the J O  mm channelled roof 
unit, for 1997 06 09. illustrate the trend of data for the 
channelled roofunit s corresponding to strong winds. south 
to south-south-west. 

Overall. for the 40 mm air channel. as wind speed increased from modrrate to 

sr rong. bearing south, south-\\est. or south-south-west. so too did its influence on air florv. 

For t lie 90 mm air channel, bot h moderate and strong winds consistently influenced air flo\vl'. 

Therefore. the 90 mm air channel \vas affected to a larger degree by wind beannz south. 

sout h-LL est. and sout h-south-~vest . 

I I It should be noted that no obsenations can be made regarding the influence of light 

u ind on channel air flow. 

6 1 



4.8.4. Supporting evidence o f  wind effects from the National Building Code of Canada 

Rrcall Figure 3, showing generalized pressure distributions due to wind around a gable-roof 

building These are applied to the shape of the channelled units in Figure 28 to illustrate how 

\\ind. and subsequent pressure. mioht induce air flow within the north roof dope air charnel. 

It can be seen from the enlarsed view ofthe eave section that the air flow down the nonh roof 

dope may have been caused by negative pressure. or suction, a? the eave. This suction could 

have bern produced by a combination of air flow out of the sofit vents, eddying undemeath 

the sottit due to edge efFects. and pressure of in-line vectors from the nonh roof and the wall. 

Fiyure I S  Side v i e ~  of channelled roof unit illustrating wind and pressure 
patterns which ma). have induced negative pressure at the nonh eave. 



Other supporting evidence shows that the velocity of the exhaust air, from the 

plenum of a double rooc appears to be more sensitive to wind speed than to ambient air 

temperature o r  insolation (Fans 1981). Faris also observed that the highest velocities of 

r h a u s t  air coincided with wind gusring. As a funher explanation of the path o f  flow within 

rhe air channels, referring back to the data. it was observed that the M C S  temperature did 

nor equal t hat of the RACN Funhermore, it was observed that the RACN temperature did 

not equal that of  the arnbient air. Therefore, it seems that a short circuit of the air flow 

occurrcd at the ndge. This is depicted in Figure 19. 

Fisure 23 Side view of channelled roof unit illustrating surmised path of air flow 
within the air channeIs 



5. CONCLUSIONS 

Based on the research reponed herein. the following conclusions can be drawn: 

1 an open-ended air channel at a building's roof will reduce solar heat gain into the 

building 

2 during penods of high ambient air temperatures, attics of the channelied roof units 

were, at minimum. 1 'C lower than the attic of the control unit 

3 the 90 mm deep channelled roof unit was more effective than the 40 mm deep 

channelled roof unit in reducing solar heat gain: the former \vas consistently 1 ' C  

Iower than the latter 

4 t h e  south and nonh roof channels behaved differently: flow which occurred in the 

sout h roof channel appeared to  be due ro natural convecrion. flow which occurred 

in the nonh roof channel appeared to be due to forced convection 

the 90 mm channel \\as more influenced by wind than the 40 mm channel 



6. RECOMMENDATIONS 

In this studv. the effectiveness of an open-ended roof chamel for reducing attic temperatures 

\Las dsterrnined. Recommendations for fùrther study are as foilows: 

1 monitor the tempsratures of data points on the wails of the test units 

1 re-size the test units to ensure a more representative scaie; at present wali area 

is much ereater than the roof area and the length is much geater than the wiridth 

3 insulate the walls to reduce solar gain through the walls 

4 monitor the temperatures of a çreater number of data points in the attic. the 

ceiline, and the room of the test units to gain a more comprehensive 

representat ion of the temperature gradients and heat t ransfer patterns 

5 monitor the air tlow in the roof channels to determine the actual flow patterns 

6 determine the intluence on convection flow of increasing the air channel depth 

- determine the intluence on convection flow ofchanging rhe sizes of the channel 

openings 

S determine the intluence on convection flow of increasing the roof slope 

9 determine the intiuence on convection flow of increasing the roof length 

I O  re-design the ndge cap to take advantage of the influence of negative wind 

pressure to increase convection flow 
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APPENDICES 



APPENDIX A: THERbIONEUTRAL ZONE OF SOME UNGULATES 

Table -4- I Themoneutrd Zone (TNZ) of Sorne Ungulates Expressed in Tems  of . h b i e n t  
Temperature (adapted fiom Yousef 1 985). 

Animal TNZ (OC) 

cattle: calf 13 to 25 

sheep: ne~kbomlamb 29 to 30 

ewe -2 to 20 

swine: piglrt 33 to 33 

goats: Egptian .4raby (desert), adult 20 to 3 0  

Esyptian Zanaby (Nile Delta), adult 10 to 25 



APPENDLX £3: DETAILED D M W I N G S  OF EXPERLMENTAL DESIGN 

Figure B- I Intenor tmss drawing of test units indicating dimensions (in mm) and materials 



Figure B-2 Channelled roof draning indicating dimensions (in mm) and matenals. 



APPENDiX C: S.4MPLE OF TABULATED AVERAGE DATA 

Table C- l Average temperature measurernents (OC) for 1997 06 09" 

Thermocou~le Num ber 
Tirticilii 1 - 7 3 4 3 

".\II data ivere compiled on a 3 5 inch diskette using Quattro Pro 8.0 
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41 C K I ~ C  rciiiperaturc meaniremcnts ( C) for 1997 06 09. continued .- 

Tittic c 11) 6 7 8 Y I O  1 1  12 13 14 



.A\ er;igc tciiiperature memrernents ( C) for 1997 06 09. continued .. 

Thcrmocou~ie Number 
16 17 18 19 2 0 21 22 23 24 



APPE3Di.X D: WEATEER SUMMARIES FOR DAY CHOSEN FOR ANALYSE 

Table D-I. Written weather description for days chosen for analysis (adapted from 
Environment Canada monthly meteorological summaries for June. July, and 
.4ugust 1 997). 

Date Descrimion 

Sumy Temperatures well above normal. Winds moderate. occasionally 
strong late moming to late aftemoon. 

Sunny. Maximum temperature well above normal. minimum above normal. 
Winds light to moderate overnight. decreasing to light by rarly evening. 

Sumy. becorning cloudy with showers and thundershowers late aftemoon 
to mid evening Mauirnum temperature slightly above normal. minimum 
near normal. Winds light. occasionally moderate during thunderstoms. 

Mainly sunny Slaximum temperature slightly above normal, minimum 
slightly belon normal. Winds light except for a penod of moderate late 
afiernoon to early evening. 

Mainly sunny \lasirnum temperature well above normal. minimum above 
normal. Winds light increasing to moderate by noon. 

Mainly sunny. becoming overcast early evening. blaimurn temperature 
above normal. minimum near normal. nrinds light, increasing to rnoderate 
mid evening. 



APPENDLY E: ALL GRWHS FROM THE RESULTS AND DISCUSSION 
SECTIOS, GEXERATED FOR 1997 06 0913 

i l  - l Temperatures for t hr control unit illustrate the seneral trend of data 
for each of the test units. and each of the tests. The perforated lines 
indicate periods of interest for purposes of analysis. 

A ambrcnt air 

9 rooni 

x ceilinp 

+ anic 

root: S 

U roof- S 

' . - \ I I  graplis were generated froni data compiled on a 3 5 inch diskette using Quattro Pro 8.0 
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Tiine ( h )  

Figure E-2: Temperatures for the 10 mm channelled roof unit illustrate the 
general relative trend of data between the ceiling. the attic. and 
C 

the room for each of the test units, and each of the tests. 



a )  room temperatures 

Timè ( h )  

b)  attic teniperatures 

Figure E-3: a )  Room and b)  attic temperatures for al1 three 
test units illustrate the general relative trend of 
data between the test units, for each ofthe tests. 



A rimbicnt air 

+ room 

I cciling 

X attic 

x roof, S 

Tiine ( h )  

Figure E-4: Ternperatures for the 90 mm channelled roof unit illustrate the 
general trend of temperature differences for each of the test - 
units, and each of the tests. 



m I control 

Time (h) 

Figure E-5: Attic teiiiperatures for al1 three test units illustrate the general 
relative trend of data between the test units, for each of the 
tests. 



- m roof. S 

Figure E-6: South and nonh roof temperatures for 10 mm channelled roof 
unit illusrrate the generaI relative trend of data between the test 
units, for each of the tests. 



Figure E-7: South metal roof temperatures for al! three test units illustrate 
the general relative trend of data for each of the test units and 
each of the tests. 
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Figure E-8: Temperatures for the 10 mm channelled roof unit illustrate the 
general relative trend of data between the ambient air, the roof, - 
the EACS10. the RACS-40. and the attic for the channelled roof 
units. and each of the  tests. 
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Figure E-9: Temperature differences between the south roof and the attic for 
al1 three test units illustrate the eeneral trend of data for each of 
the test units. and each of the tests. 
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Figure E- 1 O -  Temperature differences betrr-een the RACS and the attic for 
the chaiinelled roof units illustrate the general trend of data for 
the chatinelled roof units. and each of the tests. 



Figure E-l 1: Temperature differences between the RJICS and the ambient 
air for the channelled roof units illustrate the general trend of 
data for the channelled roof units, and each of the tests. 
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Figure E- 12: Temperature differences between the M C S  and the south roof 
for the channelled roof units illustrate the general trend of data 
for the channelled roof units and each of the tests. 



Figure E- 13: Temperatures for the 90 mm channelled roof unit illustrate the 
general trend of data between the ambient air. the roof. the 
EACX9O. the RACK90. and the attic for the channelled roof 
units, and each of the tests. 
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Fisure E- 14: Air channel temperatures for the a) 40 and b) 90 mm 
channelled roof units illustrate the trend of data for the 
channelled roof units corresponding to winds, south. south- 
east, and sout II-sout h-east. 



APPESDLX F: WIND SUMMARIES FOR DAYS CHOSEN FOR ANALYSIS 

Table F- 1 Wind summaries (kmihr) for period of interest of days chosen for analysis 
(adapted from the monthly meteorological surnrnanes for June. July, and 
August 1997, from Environment Canada). 
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