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ABSTRACT

Attic Ventilation in Extremely Cold Climate - Field Measurements and Hygrothermal
Simulation

Ruolin Wang M.A.Sc.
Concordia University, 2018.

Attic ventilation is typically recommended for the removal of moisture bupld¢aused by air

leakage from indoors in cold climates, however, it may also increase the amount of snow and
rain penetration into the attic, especially in the extremely caoithtés. In northern regions,
extremely cold temperatures can cause snow particles to become very fine, which will penetrate
vents or unsealed openings. The snow accumulated in the attic would melt at temperatures above
zero and penetrate to indoors throtigé ceiling and cause moisture problems. One of the
solutions is to add filter membranes along a ventilation cavity behind the fagade to prevent snow
from entering the attic. The ventilated attics with filter membrane had some success but there
were instaces with reported water leakages and moisture damages. There have been also
attempts to use uventilated cold roofs. Unentilated attics prevent snow accumulation but do

not allow for effective removal of moisture, which could be risky and prone tdurmis

damages.

In this thesis, three houses in northern Canada are investigated, two of them have ventilated
attics with different filter membrane designs located in Kuujjuaq and another vastilated

attic located in Iqaluit. Field measurements arags@t these three houses to monitor their
hygrothermal performance under different venting systems. Maehssgelts indicate ventilated

attic has reasonable hygrothermal conditions which moisture content level on attic sheathing is
under 20% and uwaentilated attic has higher risk of moisture problems. At the same time,
hygrothermal modelling using WUFI Plus, a wholglding hygrothermal simulation software,

are performed and simulation results are compared with measurements for atiddébwn

Validated models are also performed in other location to further verify timdnersality Attic

ventilation rate, air leakage ratevintentional air infiltrationrateand indoor conditionare set



as variable parameters in WUFI Plus to discuss their effettteonygrothermal performance of

attics.

This thesis is intended to provide documented evidence of the hygrothermal performance of
ventilated and wventilated attics in extremely cold climate. Simulation models validated by
field measurements can be useder other climates. Recommendations on proper attic design
are provided for Canadian northern housing.



ACKNOWLEDGEMENT S

| would like to sincerely thank my supervisor, Dr. Hua Ge, for her constant patience, guidance,
support ad encouragment for my graduatstudies at Concordia University. Thanks Dr.Ge for
giving me this opportunity to become a research assistant and a member of Centre for Zero
Energy Building Studies (CZEBS) in building engineering field. | learned a lot from her, not
only she teaches me professional knowledge, but also she cares about my daily life. During my
research period, her cultivation and enlightenment greatly inspire my potentials and broaden
my horizons. She makes me feel all my efforts are meaningful awhéhave enough

inspiration and enthusiasm for my research wBhe taught me by personal example as well as

verbal instruction to be a better person who have both ability and moral integrity.

| also want to thank my whole family, it is no possible | iaish my graduate study without the
supports from my parents and other family members, especially my mother. Their advanced
ideas, visions and educations will benefit me for the whole life. It can be said that my family is

always my strong backirgndspritual motivation.

| would like to acknowledge the financial supports from my supervisor which are reéeined
NSERC Smart NeZero Energy Buildings Strategic ReseaNdtwork (SNEBRN) and Gina
Cody School of Engineering and Computer Scieatd@oncorda University to make me finish
my graduate research

| would like to thank Dr. Mohammed Zaheeruddin, Dr. Bruno Lee, Dr. Joonhee Lee, Dr. Yong
Zeng, Dr. Jiwu Rao, Dr. Min Ning, Mr. Joshua CalifoMis. Jasia Stuartuc Demersand Yin
Li for their guidance, opparhity providing and material suppoithanks Sherif Gubranfor his

trainingandpatience, no doubtehs the best team leader.

| especially want to say thank you to Darialril 8 the previous student who finished
experimental setups of this researchchhare presented in Chapter 3 and gave me truly helps
during my research period. | would also like to express my thanks to my coll@éagues
research groupAhmad KayelloLin Wang,Fuad Babal.i Ma, Firouzeh Sourandthe graduated
studentd Asok Thiruravukaraswand Vincent Chiul am honored to be a member of research
team of Dr.Ge, be honest, nothing is more exciting than working with these talenit\goytd



thankDr. Jiwu Rao and Mr. Joshua Chalifagain for their material support to my research

work.

In the end, please allow me to summarize my graduate career in a personal style. The following
two famous sayings quoted could best represent my graduate life and express my understanding
of previous research experiesde the past three years:

T i o 38 K | s
(Translation: Life is limited, while knowledge is unlimited.)

1 i 0 38 i S

(Translation: A grasp of mundane affairgenuine knowledge; Understanding of worldly
wisdom is true learning.)

vi



ACKNOWLEDGEMENT OF C ONTRIBUTIONS OF MR. DANIEL BARIL

Mr. Baril designedhe test protocol, calibrated and installed the sensors and equipment and set
up the dataollection for the field monitoring of the three test houses presented in this thesis. He
made initial field observations and site visits. Chapter 3 is prepared mainly based on his work.

Vii



Table of Contents

LIST Of FIQUIES. ...ttt eenns b e e et e e e e e ee s Xi
IS 00 N 1= 1 0] =P UPP PP PPPPPPPRRRR XViii
I\ 1T T F= L | =SSR XXi
Chapter 1 INTRODUCTION ....coiiiiiiiieeiiiiiiiiimmce ettt e e e eesrssas e s e e e e e e e e e e e eeeannn s 1
IO S = o3 (o [ (o 18 [ o PP PP PPP PP 1
1.2 Objective, Methodology and SCOPE.........oiiiiiiiiiiiiie et e e e e 4
1.3 OULINE OF the THESIS.....uiiiiiiiie it et e e e e e e e s s bbb enenreseeeeeeeeeeeannes 6
Chapter 2 LITERATURE REVIEW ...t 4
2.1 Extremely Cold Climate in Northern Canada.............ccccuuuueiiiiiire e eeeees 7
2.2 Northern Housing ChallENgeS.........uuuiiiiiiieiiiiiiemme et e e e e 9
2.3 Ventilated AttIC iN COlId ClIMALE .......uuueeiiiiiiiiiermr e eeees s e e e e s 9
2.3.1 RESEAICN HISIONY.. ..o it e e e e e ae e e s e e e e e e e e e e e e eas 10
2.3.2 Advantages and Disadvantages of Ventilated ALLICS...........cooiiiiimmmriiiiiiiieeeeee s 12
2.3.3 Mass Balance of Ventilated AHC...........uuuriirriiiiimre e veeee e 13
2.3.4 Statef-the-art RESEAICH.........coooi i 15

2.4 UnVentilated Attic in Cold CHMALE ...........uuuiiiiiieie et eees e e e e e 17
2.4.1 RESEAICH HISTONY.....euiiiiiiiiiiiiiiteeei e eees et e e e e e e eenenes e e e e e e e e e e annes 17
2.4.2 Advantages and Disadvantages ofMémtilated ATtCS..........cooeeriiiiiiiiiiimesiiiiieeeee e 18
2.4.3 Mass Balance of entilated ALICS..........ooiiiiiiiiiiiiiiieeeieeee e 19
2.4.4 Stateof-the-art Research and Knowledge Gap...........ccooeiiiiiiemmniiiiiiiiiiiecee e eeeeee 20

2.5 Attic Ventilation RALE..........ccooiiiiie e e e e e e e aane e 21
2.6 Code Requirements & Industry Guidelinesf Attic Ventilation Rate..........................cooee. 22
Chapter 3 EXPERIMENTAL SETUP ...uuiiiiiiiii st a e 26
3.1 Attic Construction under INVESTIGatioN .............uuuuueiiie e eeeee e 26
3.1.1 HOUSE T KIMHB HOUSE.......uuiiiiiiiiieiiiitis sttt e e eeeee s e e e e e et s s e e e e e e eesbnmmeeeeeees 28
3.1.2 HOUSE IT KSB HOUSE......coiiiiiiii ettt st e e e e e eeba s s e e e e e aneneeeeeeennes 29
3.1.3 HOUSE T SIP HOUSE. ...ttt ettt e e e e e s 30

G T2 1 151 1 00 0= ] = o o T 31
3.3 Field Observation and SeNSOr LOCALION...........uuuuueuieeiiimreie e e e e eee e eeaeeess e 34
3.3. 1 HOUSE T KMHB HOUSE ...ttt e e e s 34



3.3.2 HOUSE IT KSB HOUSE. ... iveiiiiiii ittt e et et st me s st s et s et s eaa s e e esn s s smmnresnssanses 37

3.3.3 HOUSE Il SIP HOUSE. ...t eee e ettt e e e ee s 39
Chapter 4 ANALYSIS RESULTS OF FIELD MEASUREMENTS ... 44
4.1 Moisture Content, RH and MOISTUIE EXCESS.......occuuiiieiiiiii it e 44
.11 HOUSE L.t emer e e e ettt e bbb s e e e e et emnne e e eeee e b n e e e e e e eenn b e e 44
A.1.2 HOUSE L.ttt ettt mmme e e e e et e e e e e e e et e e eeeeeeeannnans 50
4.1.3 House I (UAVENTIHALEA).........eeeeeieieieeiieeee e e eeann e 53
|V o ) o I €1 (011 1 I T L= G 59
4.3 Performance COMPANISON..........cciiiiiiiiiiei e eeeei e e s s s e e s e e e e s s emmmr e e e e e e eeeeeeeesaessaesrnnnsaeeaeeeas 61
Chapter 5 HYGROTHERMAL SIMULATIONS ..o 66
5.1 INtroduction Of WIUFT PIUS 3.1...ccciiiiiiiiiiiiiiiiie ettt smmn et e e e e e e e s s s 66
5.2 MOUEBI SEBEUP. ...ttt ettt e e et e e e e e e e e e s b men bbb r e et e e e e e e e nnnnnrrnnna 67
5.2.1 Hygrothermal Model for House I: KMHB HOUSE.............ooiiiiiiiiiieeeiiiieeeeee e 67
5.2.2 Hygrothermal Magl of House Ill: SIP HOUSE..........uuuuuiiiiiiiimeeceeeeeeeeeeeeeeeeeeeeeveeee s 77
5.3 Parametric Study of Ventilated and UnVentilated Attics for Model Validation ................... 89
5.3.1 House I: KMHB Houwswith Ventilated AttC........ccoooeiioiiiii s cceeeeeeeeeeeeeeveeeeee s 90
5.3.2 House llI: SIP House with bentilated AttC...........cocuuviiiiiiiii e 108
5.4 Hygrothermal Model Validation ............ccoooiiiiiiiii i eree e e e e e 127
5.4.1 Model Validation of House I: KMHB HOUSE.............coooiiiiiiiicee e 127
5.4.2 Model Validation of House 111: SIP HOUSE..........cuuviiiieiiiiiee et 139
5.4.3 Comparison of House | in Kuujjuaqg and Igaluit under Same Conditians................... 144
5.4.4 Comparison of House Il in Kuujjuag and Igaluit under Same Conditions.................. 156
Chapter 6 PARAMETRIC STUDY FOR ATTIC DESIGN RECOMMANDATIONS IN
EXTREMELY COLD CLIMATE .ottt seemme e e e e e ean s 164
6.1 Mold Growth INdeX as A Crtera ......ccoeeieiee e e e e e e e e e 164
6.2 ParametriC STUAY.........uuuiiiiiieeiiiiiireer et e ee e e e e e e e s s eenasb b s ereeeeeeeeeaaans 165
6.2.1 VENLIALEA ATLIC..... ...ttt reee e e e e e e e e e e e e e e e e e e e e e e e e eeemeeaeeeneeenneennnes 165
6.2.2 URVENTIAtEd ALLIC ...ttt rr e e e e e e e e e e e e e e eeeeeeeeaeeaeaneneeenneennnes 170
6.3 Design ReCOMMENTALIONS. ........oiiiiiiiiiiii ettt e e e eemr e e e e e as 211
Chapter 7 CONCLUSIONS. ...t e e e e e e et e e e e e e s nnnas 213
428 R 0] 4 T3 013 T L 213
72 o] o1 ¢1 o U110 L3RR 216
R T U110 T 217



REFERENCES



List of Figures

Figure 21. Heating Degree Days (HDD) map of Canada............ccccuvuvivimreeeieeeiiieieeieeeeeeeeveeeeeeeennn
Figure 22. Typical ventilated roof construction (Smegal, Straube, Grin & FRE@H7)....................... 10
Figure 23. Comparison between traditional and current attics (Marcus, 2015)...............ccceeennee 12
Figure 24. Airflow path for typical ventilatedttic assembly (Schumacher, 2008)..............cceeenne 13
Figure 25. Typical unvented roof construction (Smegal et al., 2017)........uuuurniiiiiiiiireeeeeeeeeeeee, 17
Figure 26. Airflow pathfor typical unventilated attic assembly (Schumacher, 2008).................... 19
Figure 31. Top views of three test houses shown by screen shoot of Google.Map..................... 27
Figure 32. Photos of the three houses monitared................oooiiiieeeiiiiiiiiiec e 27

Figure 33. Venting system and typical building envelope components of House | (KMHB Haus2g
Figure 34. Venting system and typical building envelope components of House Il (KSB HouseR9

Figure 35. Unventilated attic system and typical building envelope componémhteuse Il (SIP

[ (o TU ] OO PP PP PPPPPPPRPPPPPN 30
Figure 36. A3 Wireless multchannel data [0ggers...........cuuviiiiiiiiiiiecceee e 32
Figure 37. Building Intelligence Gateway (BIG) COMPUBYSIEM........uuuuuiiiiiiiiiiiiiiiemeeeeee e e 32
Figure 38. MOIStUIE CONENT SENSO ... .....cciiiiiiiiiiee e e e e e e s e e e s emmmr e e e e e e e e e e eeeeaaeesseesrennsaeeas 33
Figure 39. Attic sensor locations in House | (KMHB HOUSE)...........ouiiiiiiiiiiiieeniiiiiieeeeee s 36

Figure 310. Attic view. No signs of moisture on building materials. Roofing nails not rusted......36

Figure 311. Dead bolt locks installed to ensure hatch pultgtd onto weather stripping.................. 37
Figure 312. Filter membrane installed at ridge VENL..............ooiiiiiiiirce e 37
Figure 313. No signs of moisture on building tedals. Roofing nails not rusted............cccccccevviunee 37
Figure 314. Attic sensor locations in House 1l (KSB HOUSE).........uuuuuiiiiiiicceeieeeeeeeeeeeeeeeeeeee e 38
Figure 315. Weather stripping indtad on opening trim in all unitS.............ccevvvvieiiiiiccce 39
Figure 316. Field observation of uventilated attic of House Il (SIP HOUSE)...........cccceviiiiiiiinnnnnnns 41
Figure 317. Attic sensor locations in House [l (SIP HOUSE)...........uuuuuiiiiiie e 43

Figure 41. Comparison of hourly temperature of plywood sheathing SW and outdoor air in House |
during the monitoring period from July 2013 t0 JARUBDLS..........cvvvviviiiiiiiiiiiiimeee e eee e e e e ee e ee e 45

Xi



Figure 42. Daily averaged moisture content of plywood sheathing and wood truss measured in House |
during the monitoring period from July 2013 to January 2015............uuviiiuiiiimneeeeeeeeeeeeeeeeeeeeeeee 45

Figure 43. Attic air RH/T compared to outdoor air RH/T conditions in House | (KMHB House)..47
Figure 44. Attic air HR compared to outdoor air RH/T conditiam$iouse | (KMHB House)............ 48

Figure 45. Difference in humidity ratio and temperature between attic air and outdoor air in House |
(KMHB HOUSE) ...ttt mmes e e e e e e s s nnmmmssnnnnnnneeeeeeeesnnnnnnnnnnnnnes 4O

Figure 46. Comparison of hourly temperature on plywood sheathing SW with outdoor air during the
monitoring period from August 2013 to Janurary 2015 in House Il (KSB House)..........ccccvvvvvinee 50

Figure 47. Daily averaged moisture content of plywood sheathing and wood truss measured during the
monitoring period from August 2013 to January 2015 in House Il (KSB Hause).............ccvvvveeeee 51

Figure 48. Difference in hurdlity ratio between attic air and outdoor air over the monitoring period from
October 2013 to December 2014 in HOuSE Il (KSB HOUSE).......ccccieiiiiiiiiemmriiiiieee e eiineeans 53

Figure 49. Comparison between hourly temperature of plywsloeghthing and outdoor air in Unit B of
House Il (SIP House) measured during the monitoring period from July 2013 to August 2014..54

Figure 410. Daily average moisture content of plywood sheataimtywood truss at selected locations in
three attics of House Il (SIP House) measured during the monitoring period from July 2013 to August
Figure 411. Attic air RH/T conditions in UnB Upstairs in House Il (SIP House) compared to outdoor

L 3 VA el 0 ] Lo [1 L0 ] 0 FS TP RPTPR 56

Figure 412. Monthly average room air temperature and relative humidity in Unit B Upstairs of House Il
LS LRl [0 TU EST=) PRSP 57

Figure 413. Monthly averaged humidity ratio difference between indoor and attic air and indoor and
outdoor air fOr UNIt B UPSTAIIS......cooiiiiiiiiii et e e e rmmne e 58

Figure 414. Difference is humidity ratio and temperature between attic air and outdoor air in House Il
LS Ll = [0 TU EST= ) USSP 59

Figure 415. Comparison among the three attics: (a) monthly averageedhatinidity in attic; (b)
monthly average humidity ratio in attic; (c) monthly average humidity ratio difference between attic and

(o101 (o [oTo g1 gl (0 4 {o] ST LN SR =Yoo EESU S P 63
Figure 51. Architecture drawingf House | (Dimensions are in millimeters)............cccccvvvveiiieenn. 68
Figure 52. Simulation model of House | (KMHB House) created by WUFI Plus...........cccccoeviieee 69
Figure 53. Outdoor relative humidity and temperature of CWEC weather file in Kuujuag-.......... 70
Figure 54. Diffused and direct solar radiation of CWEC weather file in Kuujjuaq............cccceeennc 71
Figure 55. Wind speed and wind direction of CWEC weather file in Kuujjuag...........cccccceveeriaee. 72

Xii



Figure 56. Field measured indoor climate (Temperature and Relative Humidity) in HouseHEKM

[ (o TU ] TP PP P PPPPPPPRPPPPP 73
Figure 57. Floor plan of House Il (SIP House) (Dimensions are in Millimeters)............ccccccevviieee 79
Figure 58. Elevation plans of House {8IP House) (Dimensions are in Millimeters).................... 80
Figure 59 Simulation model of House Ill (SIP House) created by WUFI Plus.........ccccoooiiiiiiaeeee. 80
Figure 510. Outdoor temperature and relative humidity of TMY2 weather file in Igaluit............... 82
Figure 511. Diffused and direct solar radiation of TMY2 weather file in Igaluit...............ccceeenneee. 82
Figure 512. Wind speed and wind direction of TMY2 weather file in Iqaluit........................cc....0d 83
Figure 513. Indoor conditions of Standard EN 15026 (Normal Moisture Load)................cc.vveen. 84

Figure 514. The effect of ceiling air leakage rate on the attic air temperature (hourly data): comparison
between simulation and field measurements under different attic ventilation rates of House | (KMHB

Figure 515. The effect of ceiling air leakage rate on the attic air RH (hourly data): comparison between
simulation and field measurements under different attic ventilation rates of HeUdéiB House).....95

Figure 516. The effect of ceiling air leakage rate on the attic air RH (monthly average): comparison
between simulation and field measurements under different attic ventilatésnof House | (KMHB

Figure 517. The effect of attic ventilation rate on the attic air temperature (hourly data): comparison
between simulation and field measurements under diffesgintg air leakage rates of House | (KMHB

Figure 518. The effect of attic ventilation rate on the attic air RH (hourly data): comparison between
simulation and field measurements undiferent ceiling air leakage rates of House | (KMHB House).

Figure 519. The effect of attic ventilation rate on the attic air temperature (monthly average): comparison
between simulation ahfield measurements under different ceiling air leakage rates of House | (KMHB

Figure 520. The effect of ceiling air leakage rate on the attic air temperature (hourly data): compariso
between simulation and field measurements under differemtentional air infiltration rates of House
[T (SIP HOUSE)... ettt ettt ettt e e e e e s s amm e e e e e bbbttt e e e e e e e s e nnnesaaan 111

Figure 521. The effect of ceiling air leakage rate on the attiRair(hourly data): comparison between
simulation and field measurements under differeAntentional air infiltration rates of House Il (SIP

Figure 522 The effect of ceiling air leakye rate on the attic air RH (monthly average): comparison
between simulation and field measurements under differemtemntional air infiltration rates of House
LTI T I o (o 10 L) T 116



Figure 523 The effect of urintentional air infiltration on the attic air temperature (hourly data):

comparison between simulation and field measurements under different ceiling air leakage rates of House
1S L o o 10 ] ) PRSPPI 120

Figure 524. The effect of wintentional air infiltration on the attic air RH (hourly data): comparison

between simulation and field measurements under different ceiling air leakage rates of House Il (SIP

Figure 525. The effect of wintentional air infiltration rates on the attic air RH (monthly average):
comparison between simulation and field measurements under different ceiling air leakage rates of House
1S L 0T 1S = PP PERPRR 124

Figure 526. Hourly field measured temperature of attic air compared to simulation result in House |
Y L 23 T TU ES =Y T 127

Figure5-27. Hourly field measured RH of attic air compared to simulation result in House | (KMHB
Figure 528. Hourly field measured temperature of plywood sheathing compared to simulatitbrirre
HOUSE | (KIMHB HOUSE).....ceiiieiiiieiittttttiteeme e e e e e e e e e e e e e e e e e eeeeaa e s s smmme e e e e e e e e eeeeeeeeeees 130

Figure 529. Hourly field measured MC level of plywood sheathing compared to simulation result in
HOUSE | (KIMHB HOUSE)- ... ..ttt et ettt e e et e e e e e e e m e et e e e e e e e e e aaaas 130

Figure 530. Dalily field measured temperature of attic air compared to simulation result in House |
(KIMHB HOUSE).....cc ettt ettt e e e e e e e rmmae s sttt e e e e e e e e e e s mmnsssssbansaeaaaaeeeeeannsannnnnnns 132

Figure 531. Daily field measured RH of attic air compatedimulation result in House | (KMHB
Figure 532. Daily field measured temperature of plywood sheathing compared to simulation result in
HOUSE | (KIMHB HOUSE)- ... .ttt ettt ettt e e e e e e e mena b e e e e e e e e e e 133

Figure 533. Dalily field measured RH of plywood sheathing compared to simulation result in House |
(G L 23 T TU ES =Y TR 134

Figure 534. Monthly field measured temeure of attic air compared to simulation result in House |
(KIMHB HOUSE).......coeveeeteee et teteeeee ettt et ea et emeae s s e se et ese et et et et et emmmssessstessstensstenestesssmnnsane 135

Figure 535. Monthly field measured RH of attic air compared to simulation result in House | (KMHB
Figure 536. Monthly field measured temperature of plywood sheathing compared to simulation result in
HOUSE | (KIMHB HOUSE)- ...ttt ettt e e e e e e e e e e eeeeeees 137

Figure 537. Monthy field measured MC level of plywood sheathing compared to simulation result in
HOUSE | (KIMHB HOUSE)- ... ..ttt eeee ettt e ettt e e e e e e e e nnna bbb e e e e e e e e e e aaas 137

Figure 538. Hourly field measured temperature of attic air compared to simulation iaddtisse Il|
LS Ll (o 11 £ = 139

Xiv



Figure 539. Hourly field measured RH of attic air compared to simulation results in House Il (SIP
Figure 540. Daily field measured temperature of attic air compared to simulation results in House 11|
(S L [0 TU £ =) T 141
Figure 541. Daily field measured RH of attic air compared to simulatsalts in House Il (SIP

Figure 542. Monthly field measured temperature of attic air compared to simulation results in House |l
(S L [ 10 £ =) TP 142
Figure 543. Monthly field measured RH of attic air compared to simulation results in House Il (SIP
Figure 544. Hourly simulation results (attic air temperajurecomparison between Kuujjuaq and Iqgaluit
IN HOUSE | (KMHB HOUSE)......uuiiiiiiieiiiiiiiieeei et eess et e e e e e e s senemr e e e e e e e e e aann 145

Figure 545. Hourly simulation results (attic air temperature) of comparison between Kuujjuaq and Igaluit
IN HOUSE | (KIMHBHOUSE).......cutiiiiiiiiiiiiiiiiiiimmme e e e e e e e ee e e e e et e e e e e e e e s eeeesas e s s s e e s smmme e e e s eeeeeeeeeees 145

Figure 546. Hourly simulation results (plywood sheathing temperature) of comparison between Kuujjuaq
and Igaluit in HOUSE | (KMHB HOUSE).........cuiiiiiiiiiiiiiiieeeiii ettt eesas e e e e e eeens 147

Figure 547. Hourly simulation results (plywood sheathing MC level) of comparison between Kuujjuaq
and lgaluit in HOUSE | (KIMHB HOUSE)..........uuuuiiiiiiiiiiiiimmmee e e e e eeeeeeeeeeee e e e e e s eeeeasaa s e 147

Figure 548. Daily simulation results (& air temperature) of comparison between Kuujjuaq and Igaluit
IN HOUSE | (KMHB HOUSE)......euiiiiiiieiiiiiiieeei ettt eeei et e e e e e e e enns e e e e e e e e e ann 149

Figure 549. Daily simulation results (attic air RH) of comparison between Kuujjuaqg and Igaluit i Hous
Y ST (o0 Y= O OO 150

Figure 550. Daily simulation results (plywood sheathing temperature) of comparison between Kuujjuaq
and lgaluit in HOUSE | (KIMHB HOUSE)..........uuuuiiiiiiiiiiiiimmnee e e e e eeeeeeeee e e eeeea e e 151

Figure 551. Daily simulation results (plywood sheathing MC level) of comparison between Kuujjuaq and
[galuit in HOUSE | (KIMHB HOUSE)........uuiiiiiiieiiiiiiiieeeiit ettt e eni et e e e e eneseee e 151

Figure 552. Monthly simulationresults (attic air temperature) of comparison between Kuujjuaq and
Iqaluit in HOUSE | (KMHB HOUSE)-....cco ottt nnee e e 153

Figure 553. Monthly simulation results (attic air RH) of comparison between Kuujjuaq ahit iga
HOUSE | (KIMHB HOUSE)- ... ..ttt ettt ettt e e e e e e e nnna bbb e e e e e e e e e e 153

Figure 554. Monthly simulation results (plywood sheathing temperature) of comparison between
Kuujjuag and Igaluit in House | (KMHB HOUSE).........ooviiiiiiiiiiieeee e 154

Figure 555. Monthly simulation results (plywood sheathing MC level) of comparison between Kuujjuaq
and lgaluit in HOUuSE | (KIMHB HOUSE).........uuuuiiiiiiiiiiiiiimmme e e e e e e e e 155

XV



Figure 556. Houly simulation results (attic air temperature) of comparison between Kuujjuaq and Igaluit
IN HOUSE 1 (SIP HOUSE).....iiiieee ettt e e rmmme e e s 157

Figure 557. Hourly simulation results (attic air RH) of comparison betweemjiaqg and Igaluit in
T LU EST T T S | T 10 ES ) TSNS 157

Figure 558. Daily simulation results (attic air temperature) of comparison between Kuujjuag and lgaluit
IN HOUSE | (KMHB HOUSE)......euiiiiiiieiiiiiiitireei ettt eees et e e e e e e enemr e e e e e e e e 158

Figure 559. Daily simulation results (attic air temperature) of comparison between Kuujjuag and lgaluit
IN HOUSE | (KIMHB HOUSE)......cuiiiiiiiiiiiiiiiiiiiieeee e e e e e e e e e e e e e et e e et e e e e e eeeeaaa s e e s s s e e e e e e e e eeeeeees 159

Figure 560. Montly simulation results (attic air temperature) of comparison between Kuujjuaq and
[galuit in HOUSE | (KMHB HOUSE)........uuiiiiiieiiiiiiiiieeeii ettt eees e e e e enes e 160

Figure 561. Monthly simulation results (attic air temperature) of compatieivween Kuujjuaq and
Igaluit in HOUSE | (KMHB HOUSE)........uueiiiiiiiiiiiiiiieeei ettt e ens e e e e e enesseee s 160

Figure 562. Monthly simulation results (plywood sheathing temperature) of south sheathing of
comparison between Kuujjuag and Igaluit inude Il (SIP HOUSE)............ccooeeiiiiiiiiiiceciins 161

Figure 563. Monthly simulation results (plywood sheathing moisture content) of south sheathing of
comparison between Kuujjuag and Igaluit in House I (SIP HOUSE)..........ccooeiiiiiiiceciiiiniiiiiinne 162

Figure 61. Measured hourly averaged ventilation rates in attic 5 for all wind speeds, wind directions, and
outdoor temperatures (3758 data points) and in attic 6 for (a) unsheltered south dige¢tian 1k 4 5 0
data points) and (b) sheltered west direc.l66on

Figure 62. Effect of wind direction on normalised ventilation rates for &t#@mnd attic 6 (1302 points).
Direction of 00 corresponds..t.o..no.tr.t. h...(.Wal6k er

Figure 63. Mold growth index of plywood sheathing (north sheathing) of ventilated attic moded durin
the whole simulation period (Oct.",72013 to July 18, 2015).........ccceevviiieirieiir e 168

Figure 64. Mold growth index of plywood sheathing (west, east, south and north sheathing) under
different combinations of ding air leakage rates and4mtentional air infiltration rates of unentilated
attic model during the whole simulation period (Aug. 2012 to May 3%, 2014)........ccccceeviveeiiennne 174

Figure 65. Mold growth in@x of plywood sheathing (west, east, south and north sheathing) under three
typical scenarios of uaentilated attic model during the whole simulation period (J3R012 to Dec.
3 R 0 ) TSSOSO 178

Figure 66. Temperature and MC level of South plywood sheathing under different ceiling air leakage
rates (initial condition is 29 /60%, normal moisture load, tintentional ventilation rate is 0.05ACH) of
un-ventilated attic model during the fiweear smulation period (Case 1~5).........cccccvviirieeiiiieceennnn. 182

Figure 67. Temperature and MC level of North plywood sheathing under different ceiling air leakage
rates (initial condition is 29 /60%, normal moisture load, tintentional ventilation rate is 0.05ACH) of
un-ventilated attic model during the fiweear simulation period (Casel~5b).........cccoviiivviiirieeeennnn. 184

XVi

&



Figure 68. Temperature and MC level of South plywood sheathing underadiffeeiling air leakage
rates (initial condition is 20 /80%, normal moisture load, dintentional ventilation rate is 0.05ACH) of
unrventilated attic model during the fiwgear simulation period (Case 6~10)...........ccevvvvvvevvvveeennnn. 186

Figure 69. Temperature and MC level Rbrth plywood sheathing under different ceiling air leakage
rates (initial condition is 20 /80%, normal moisture load, dintentional ventilation rate is 0.05ACH) of
unrventilated attic model during the fiwgear simulation period (Case 6~10)...........ccevvvvvrevrvveeennnn. 188

Figure 610. Temperature and MC level of South plywood sheathing under different ceiling air leakage
rates (initial condition is 20 /80%, high moisture load, tintentional ventilation rate is 0.05ACH) of
unrventilated attic model during the fiwgear simulation period (case 11~15)..............oeeeeeeeiieeee, 190

Figure 611. Temperature and MC level of North plywood sheathing under different ceiling air leakage
rates (infial condition is 201 /80%, high moisture load, tintentional ventilation rate is 0.05ACH) of un
ventilated attic model during the fiwgear simulation period (Case 11~15)........cccccoevviivvvriinenennn 192

Figure 612. Temperature and MC level 86uth plywood sheathing under different ceiling air leakage
rates (initial condition is 20 /90%, normal moisture load, tintentional ventilation rate is 0.05ACH) of
un-ventilated attic model during the fiyeear simulation period (Case 16~20).........ccccccevviivviieene 194

Figure 613. Temperature and MC level of North plywood sheathing under different ceiling air leakage
rates (initial condition is 20 /90%, normal moisture load, tintentional ventilation rate is 0.05ACIdf
un-ventilated attic model during the fiyeear simulation period (Case 16~20)..........cccccovvviuvvvieens 196

Figure 614. Temperature and MC level of South plywood sheathing under different ceiling air leakage
rates (intial condition is 20N /80%, normal moisture load, tintentional ventilation rate is 0.18ACH) of
unrventilated attic model during the fiwgar simulation period (Case 21~25)......ccccceeeeeiieieiiiinaee. 198

Figure 615. Temperature and MC leval North plywood sheathing under different ceiling air leakage
rates (initial condition is 29 /80%, normal moisture load, tintentional ventilation rate is 0.18ACH) of
unrventilated attic model during the fiwgear simulation period (case 21~25)...........ccccoeeeeeeeeee, 200

Figure 616. Mold Growth Index of South Sheathing ofwantilated attic in different ceiling air leakage
rates (0%, 10%, 20%, 30%, 60%) under different combinations of key parameters of 25 typerabsce

Figure 617. Mold Growth Index of North Sheathing of-uantilated attic in different ceiling air leakage
rates (0%, 10%, 20%, 30%, 60%) under different combinations of key paraniétbriypical scenarios.

XVii



List of Tables

Table 3.1. Specifications Of INSITUMENLS............ooiiiiiii e ee e 33
Table 3.2. Sensor dations of House | (KMHB HOUSE).............uuiiiiiiiiiiiie e rmeee e 35
Table 3.3. Sensor locations of HOUSE Il (KSB HOUSE).......ccvveeeiiiiiiiireeiiieiiee e 38
Table 3.4. Observation problems of HOUSE IR HOUSE)............ccovvviiiiiiiiiiieeeec e, 39
Table 3.5. Sensor locations of House 1l (SIP HOUSE)..........cooooii it ieeeeeveeee e 42
Table 4.1. Comparison of hygrothermal performance of three attics...........ooovvvvvviceeeiiieiiieneennn, 61
Table 5.1. Initial conditions of Indoor Zone and Attic Zone (House.l)......cccccccvvvvvvvvieeeeeeeeenenn 14
Table 5.2. Initial conditions of plywood sheathing (HOUSE.L)......ccccooiieiiiiiiiieeeeeeeee e 74
Table 5.3. Detailed configurations of envelope assemblies in House. l............cccccoovvceeviiiivvnnnn 45

Table 5.4. Setting of attic ventilation rate and ceilingesikage rate in WUFI Plus model of House |

Y L 12 3 T TU ES =) PP 76
Table 5.5. Setting of key parameters in WUFI Plus model for House. l................coo v ieeeennnnnnns 76
Table5.6. Initial conditions of Indoor Zone and Attic Zone (House H1)............oooveeiiiiiiicnnniiiiiinnnn 85
Table 5.7. Initial conditions of plywood sheathing (House.llL)...............oooo oo 86
Table 5.8. Detailed configurations of envelope assemblies in House lll..........cccoooiviicccriiniinennn 86

Table 5.9. Setting of uimtentional air infiltration and ceiling air leakage rate in WUFI Plus model of

HOUSE L.t ee e et e et e ettt e e e emnme e et e e et ab e e e et s e e e nmmeeb e e e enannns 87
Table 5.10. Key setting summarization of WUFI Plus model validation for House.lll................... 38
Table 5.11. Parametric study setting of House 1in WRIBS...............ccuvviiiiiiiiiecce e 20

Table 5.12. Average Temperature Difference (ADT) and RMSD values between simulation and field
measurements under different ceiling leakage rates and attic ventilation.rates.................cc...... 93

Table 5.13. Average Relative Humidity Difference (ADRH) and RMSD values between simulation and
field measurements with different ceiling leakage rates under different constant attic ventilatiorbéates.

Table 5.14. Simulation RH difference (monthly average) among different ceiling air leakage rates under
different constant attic Ventilation rateS............oooeiiiiiiiicee e 98

Table 5.15. Average Relative Humidity Difference (ADRH) and RMSD values (monthly average)
between simulation and field measured results with different ceiling leakage rates under constant attic
VENTIALION TALES. ....eeiiiiiiiiiit ettt errr e e e e e e e e et e e e e amme e e e e e e e e e e e e e e e e s ammme e e e s 99



Table 5.16. Difference among simulated temperature RMSD values with different attic ventilation rates
under different ceiling air leakage rates..............ueeiiiiiiiiece e 102

Table 5.17. Differece among simulated RH RMSD values with different attic ventilation rates under
different ceiling air [eakage rates...........coooiiiiiiiii e eee e 105

Table 5.18. RH difference simulated (monthly average) among differentettitation rates under
constant ceiling air [€akage FatES............uiiiiiiiii e e e nene e 107

Table 5.19. Difference among simulated RH RMSD (monthly average) values with different attic
ventilation rates under different ceililafy leakage rates.............uvvviviiiiiiiiiie e eeeeees 108

Table 5.20. Parametric study setting of House Il (SIP House) in WUFLPRIUS............cccccccvieeeeen. 109

Table 5.21. Average temperaturéelience (ADT) and RMSD values between simulation and field
measured results under different ceiling leakage rates aimdeumional air infiltration rates............ 112

Table 5.22. Average relative hurtigidifference (ADRH) and RMSD values between simulation and
field measured results under different ceiling leakage rates aimeumional air infiltration rates.....114

Table 5.23. Simulation RH ddrence (monthly average) among different ceiling air leakage rates under
different constant wintentional air infiltration rates...........ccvvvviiiiiie i 117

Table 5.24. Average Relative Humidity Difference (ADRH) a3 values (monthly average)
between simulation and field measured results with different ceiling leakage rates under different constant
urrintentional air iINfIltrAtioN FALES...........uuueiiiieie e eree e e e e e e mnee e 118

Table 5.25. Diffeence among simulated temperature RMSD values with differeimtemtional air
infiltration under different ceiling air leakage rates............ccccoviiiiiiemniiiiii e 121

Table 5.26. Difference among simulated RH RMSD valuels gifferent urintentional air infiltration
under different ceiling air [eakage rates...........cooii i e e e e e e e e e aeas 123

Table 5.27. Simulated RH difference (monthly average) among differantemtional air infiltration
unde different ceiling air [eakKage Fates...........cooo i i e e e e e e e e e e e e e e aeas 125

Table 5.28. Average relative humidity difference (ADRH) and RMSD values (Monthly Average) between
simulation and field measured results with differenintantional air infiltration rates under different

constant ceiling air [€aKage FALES...........uu i e e neee e 126
Table 6.1. Detail Explanation of Mold Growth Index (Hukka & Viitanen, 1999)......................... 164
Table 6.2. Investigated key parameters of WUFI Plus Model of ventilated.attic......................... 167
Table 6.3. Average mold growth index of plywood sheathing of ventilated attigdhe whole

ST 0T | F= 4 0] I o 1= [0 169
Table 6.4Investigated key parameters of WUFI Plus model e¥emtilated attic...............cccccuuueeeee. 171

Table 6.5. Higlst mold growth index of plywood sheathing ofuentilated attic (field measured initial
conditions of plywood sheathing) during the whole simulation periad...................ooieeeiiiiiinnnnees 175

XiX



Table 6.6. Highest mold growth ier of plywood sheathing of ewentilated attic (default initial
conditions of plywood sheathing) during the whole simulation periad...............ccccvieemiiiiieeenneen. 179

Table 6.7. Key parameters of 25 typical scenarios of paransaidy under longer simulation peridd®g0

Table 6.8. Highest Mold Growth Index of plywood sheathing efemtilated attic (25 typical scenarios
under further parametric study) during the whaitaulation period..................... oo, 208

XX



Nomenclature

Symbols
Symbol Parameter Unit
0 volume of airflow [m/h]
o) area of smaller opening [m?]
6 outdoor wind speed [m/h]
+ coefficient of effectivemss []
0 volume of ventilation rate [m*/q]
0 discharge coefficient [-]
0 free area of inlet opening [m?]
Q The acceleration due to gravity [m/<]
Q vertical distance between inlet and outlet midpoints  [m]
Y average temperature of indoor air [K]
Y average temperature of outdoor air [K]
0 wind pressure coefficient [-]
Mol wind pressure coefficient [-]

Abbreviations and Acronyms

RH

Temperature
Relative Humidity

Mold Growth Index

XXi



MC
ACH
HR
CFD
NFVA
HDD
KMHB
KSB
SIP
OSB
SPF
UCA
ucc
BIPV/T
PMM
UPS
WIiDAQ
BIG
CMHC
ASTM
ASHRAE
NRC
AHFC
HHFA

BOCA

Moisture Content

Air Change per Hour

Humidity Ratio

Computational Fluid Dynamics

Net Free Vent Area

Heating Degree Days

Kativik Municipal Housing Bureau

Kativik School Board

Structural Insulated Panel

Orientatel Strand Board

Spray Polyurethane Foam

Unvented Cathedralized Attic

Unvented Cathedral Ceiling
Building-Integrated Photovoltaic and Thermal
Point Moisture Measurement

Uninterrupted Power Supply

Wireless Data Acquiibn

Building Intelligence Gaeway

Canadian Mortgage and Housing Corporation
American Society for Testing and Materials
American Society of Heating, Refrigerating, and-Sionditioning Engineers
National Research Council

Alaska Housing Finance Corporation
Housing and Home Finance Agency

Building Officials Conference of America

XXii



HPA

U.S. DOE
NRCA
ICC

IRC

IBC
NECB
NBC

BC

FHA

High Performance Attics

United State®epartment of Energy

National Roofing Contractors Association
Internatonal Code Council

International Residential Code

International Building Code

National Energy Code of Canada for Buildings
National Building Code

British Columbia

Federal Housing Administration

XXiii



Chapter 1 INTRODUCTION

1.1Background

Northern Canadian communities face many challenges to sustain themselves and housing is one
of the major ongoing problems. Welesigned housing with durable, affordable,-tastt and

energy efficient constructions are urgently needed iCinadian North to address rapidly

growing population and extremely cold climate in this area. Asdost structures, attic

assemblies with properly ventilated and weHulated design are widely used in houses in cold
climates to control moisture. Ddeping and maintaining woeftame housing in the arctic is

much more demanding thématin the south. All the materials needed to construct wioamue

houses cannot be obtained locally and must be shipped from southern CanadacKkkkiéed

labois and an almost complete dependence on fossil fuels for energy since diesel generators are
used to produce electricity. Residential construction costs in this area are 1.3 to 3.6 times higher
thanthosein larger southern cities (NRCC, 1997). Consequentlysingushortages and

crowding are common issues in many communities (Statistics Canada, 2008). Existing houses
have exhibited numerous issues caused by poor design and construction. Accelerated
deterioration of these houses is caused by a number of fauttuding the harsh climatic

conditions, culturally inappropriate housing designs, and overcrowding. To help provide a
sustainable future for the remote Arctic areas, affordable, energy efficient, and durable housing is

needed.

A survey made by Canada Mgaige and Housing Corporation (CMHC) in the early 1980s

showed that attic moisture problem always appeared in far northern climaézs,theras a

prolonged period of extremely cold weather (Buchan et al., 1991). The extremely cold
temperaturescancausen ow particl es t o becopenetratigerentg f i ne |
and/or unsealed openings (AHFC, 2000). To avoid the penetration of fine snow patrticles into

roofing systems, unentilated cathedral roof is typically built in higher latitudes ofrtbgh

with smaller snow loads. This design ensures that high wind will not infiltrett¢he attic space

or displace the insulatioand will notallow any fine snow patrticles to enter and accumulate.

However, this type of roof reduces the amount oflatgan thickness and generally has a higher



construction cost. Unentilated cathedral roof needs to be built very air tight, in case any air

leakage from the interior space entering in the roof, it will be difficult to remove the moisture.

The unconditiord ventilated attic roof construction is typically used in cold climate regions that
are subjected to snow accumulation on the roofs to prevent unwanted ice damming. Having an
unconditioned attic space also provides extra room for insulation abovelihg aed typically
results in an overall lower cost for the roofing system. The purpose of introducing attic
ventilation into roof construction is to minimize condensation and moisture accumulation in
attics due to air leakage from the interior space (RpwAlgren & Lund, 1941CMHC, 1999;
andRose & TenWolde, 2002). This venting has three primary functions: (1) aveildmeing

along the attic eaves; (2) remove extra moisture out of attic; and (3) cool down the attic during
summer period (Blom, 2001; Rpel, Norris & Lawton, 2013). Adequate ventilation of the attic

is important to ensure its performance (Lstiburek, 2006). Typically3@0 ratio is

recommended by most building codes when air barrier is present (TenWolde & Rose, 1999).
Overventilation wil introduce extra moisture from outside and increase attic relative humidity
and moisture content in the sheath{Rgse & TenWolde, 2002Y oo low ventilation also has
negative effect on the moisture removal, in this case, moisture brought in athe withre than

what can be removed (Essah, Sanders, Baker & Kalagasidis, Z6@®)gh field

measurements, Hagentoft and Kalagasidis found that if suitable ventilation was provided to cold
roof, moisture risk can be reduced effectively (Hagentoft & Kaldga010). Arfvidsson and
Harderup concluded that inadequate amount of ventilation reduced the capacity of moisture
removal in attic area and adding thermal insulation on the exterior sloped roofing surface

contributed to moisture accumulation (Arfvidas& Harderup, 2005).

Because of the advantages of being inexpensive and allowing for more insulation, the
unconditioned ventilation attic construction has been adopted in extremely cold regions as well.
However, the main issue with ventilated attic inrextely cold climates is the snow

accumulation in attic spaces. The snow accumulated in the attic would theamtethperatures
above zero and penetrate indoors through the ceiling and widhuse moisture problems such

as wood decay, mold growth addmages to interior finishes, etc. (United States Environmental
Protection Agency, 2013). One of the solutions to deal with the snow accumulation in ventilated
attics is to use a polyester filter membrane at the bottom of ventilated cladding and/or at the



entrance of the attic to catch snow before it enters the attic. This strategy has been employed for
several years in the Nunavik territory of northern Quebec. The design has been somewhat
successful, however, from empirical evidence collected from occufiare have been reports

about moisture problems and concerns of blawvattic insulation displacement, which could be
attributed to excessive attic venting. As well, there has been no extensive testing or research

conducted to verify the success of teystem.

Another approach to prevent snow from infiltrating attic spaces is to seal the attic such that it is
not ventilated. This design has been attempted in agedgiormance SIP Duplex constructed in
Igaluit, Nunavut Baril et al., 2013). The maingse with the unvented attic is that they are very
sensitive to air leakage from the house (Fugler, 1999; Ueno & Lstiburek, 2016). The moisture
added to the attic spaces by air leakage from indoors escapes mainly via diffusion through the
roof, which is a ery slow process. Existing research shows that an unvented attic can perform
well in cold climates given that air leakage is minimized (CMHC, 1993; Straube, Smegal &
Smith, 2010). This sealed structure tends to maintain higher attic temperature andtdas lim
capacity to remove builh moisture, which may promote biological degradation of wobasked
materials such as decay and mold growth (Gullbrekken, Kvande, Jelle & Time, 2016; Pallin,
Boudreaux & Jacksqr2014). Through field investigation of six woadenventilated cold attics

in the SoutkEastern region of Norway during winter season, Meloysund et al. concluded-that un
ventilated attics posed some level of moisture risks (Meloy®Incth, Bohlerengen &

LianField, 2012).

To address the issue thatrthes limited information on the proper design of attics in extremely
cold climates, a research project has been carried out to investigate the hygrothermal
performance of ventilated and-wentilated attics through field monitoring and hygrothermal
simulaion. This thesis reports field measured results of ttagtehous€two houses are installed
with ventilated attics and another is installed withventilated attic) validated by WUFI Plus
hygrothermal simulations. Parametric study based on validatddlsnis also performed to

provide recommendations to property attic design in extremely cold climate.



1.2 Objective, Methodology and Scope

The objective of this research istpinvestigatehe hygorthermal performance of ventilated and
unventilatedattics hrough m-site field measurements and hygrothermal simulations using
WUFI Plus and, 2) provide recommendations and guide on proper attic design and help develop

solutions for lowenergy sustainable housing for Canadian North.

To investigate whether ventitad attics with filter membransystems work effectively and

whether uaventilated attic isa suitable solution for the extremely cold climates, field monitoring
was carried out in three houses with cold attics built in the Nunavik territory of NorthebeQu
andNunavut territory Two of them have ventilated attics with different filter membrane designs
and the third house is a Structural Insulated Panel (SIP) Prototype House-wéhtilated attic.

To provide a systematic analysis of hygrothermal perémce of attic ventilation under

extremely cold climates, simulations using WUFI Plus are carried out. Firstly, simulation results
are compared with measurements for WUFI Plus modelatadi and secondly, the validated
models are used for parametricdstuo identify the influence of main variables on the
hygrothermal conditions of attic. Relative humidity (RH) and temperature (T) of attic area and
moisture content (MC) levels and temperature (T) of plywood sheathing are used as the main
performance indiators. The validated WUFI Plus models can be used to assist proper attic
designn n northern arctic areas to i mprove attico:

avoid the occurrence of moisture problems in attic space under future climates.

Theanalysis of more than ongar moisture content level (MC) and temperature (T) collected
from plywood sheathing, roof truss and relative humidity (RH) and temperature (T) measured at
attic air in different venting systems in remote northern arctic arqgaesented.

Thescope of the research is as follows

1) Field measuremestand data analysis dfygorthermal performance tiree houses with
venilatedandun-ventilatedattics
1 Two houses with veitatedattic usingdifferent filter membrane designs in
Kuujjuag and one wwventilated attic in Igaluit are instrumented to collect field
measurd data (RH/T of attic air; MC/T of attic sheathing).



1 Performance analysis including RH/T and seasomadture excess in attic air,
MC/T of plywood sheathing, and moldayth index on plywood sheathing
surfaces.
2) Validationof WUFI Plus models by comparing the simulation results wmidasurements
including RH/T ofattic air for House (test housénstalled with ventilated attilocated
in Kuujjuag)andHouselll (test haiseinstalled with uaventilated attic located in
Igaluit), and MQT of plywood sheathing for House I;
3) Parametric study is performed based ahdatedhygrothermal model,
1 For ventilated atticputdoor air and indoor aare the main moisture sources
which will affect attic hygrothermal performance. Therefore, attic ventilation rate
(1ACH, 5ACH, 10ACH) and ceiling air leakage rate through ceiling plane (10%,
30%, 60%) are controlled as variable input parameters in WUFI Plus model.
1 For unventilated atticjndoor airis the main moisture source becaasés fully-
sealed onstruction. Thereforair leakage rate through ceiling plane (10%, 30%,
60%) and background infiltration (0.05ACH, 0.09ACH and 0.18A@i#)ugh
attic constructiorare selected as varialinput parameters in WUFI Plus model.
4) Design recommendations of attic constructions are provided for extremely cold slimate



1.3 Outline of the Thesis

This thesis is organizeak follows:

T

Chapter 2 presents literature review and identified knoveledg. This chapter
summariegesearch history, characteristic, mass balance within attic spacesfgtete
artresearcltand knowledge gaps relatedventilated and wventilated attics.
Meanwhile, as the key design factor of ventilated attic, the fierements and
industry guidelines of attic ventilation rate are introduced specifically.

Chapter 3 presents the experiment setups irtégichousewith ventilated atts under
different filter membrane designs in Kuujjuaq and tast housavith un-venilated attic
in lgaluit. Detailednformation of field observations and instrumentations are also
introduced in this chapter.

Chapter 4 presents data analysis results of field mehdate (RH/T and humidity ratio
of attic air, MC/T of plywood sheathg, calculated mold growth index on attic sheathing
surfac@ in threetest houses

Chapter 5 presents the hygrothermal simulation using WUFI Plus, includingedetalil
settings of WUFI Plus models of House | and House IlI; modedlaadin with field
measurmentsand different locations

Chapter 6 presents parametric study results of House | (ventilated attic) and House llI
(un-ventilated attic) based on validated hygrothermal models. Maénwhe effects of
ceiling air leakage rate and attic ventilatioterare investigated for ventilated attic. The
effects of ceiling air leakage rate amatintentional air infiltrationare investigated for un
ventilated attic.

Chapter7 summarizes the research findings, conclusions, and contributions of this

research. Resrch limitation and future works are also discussed.



Chapter 2 LITERATURE REV IEW

This chapter summarizésstory, application andtateof-the-art researchsof ventilated andin-
ventilatedattics. Theconditions of extremely cold climate in Northern Canadsse described
in thischapter Meanwhile, attic ventilation rate is a significant parameter which will affect
moisture accumulation in attzone. Most of building codes stipulate 1:80@hichis the
recommended NFVA (Net Free Vent Area) value for abithate. Additionally, several previous

studies for attic ventilation rate testing are summarized in this chapter.

2.1 Extremely Cold Climate in Northern Canada

Northern Canada Territory area of which accounts for 25% of the Arctiaregith 40% of

C a n a khad onasgNational Aboriginal Economic Development Board, 20MN&)rthern

Canada, colloquially the North, has designated by Canadian government which is referring to
three territories of Canada: Yukon, Northwest Territories and Nunavut politicakyested

houses monitored are located in Kuujjuaqg in Nunavik and Igaluit in Nunavut.

Figure2-1. Heating Degree Day@$iDD) map of Canada
Extremelycold climate is also callealsarctic climate or subarcticiohate.As the term implies,

this climate is more common in the Arctic Circle and surrounding areas. There is no clarified



definition of Arctic climatedescription of climate characteristic needs the suppadoingfterm

weather dataGornick, 2005). The \&rld Meteorological Organizatiohe f i nes Acl i mat e
based on the set of data during the period from 1971 to @W00d Meteorological

Organization 1989).Generally speaking, extremely cold climate specified refers to the climate

has harshcold condtion in most of years compiag with normal climateTo be specific

average January temperatures under this climstallyr ange f r od@t ab 6 ufCT 40D 40
to +32AF), and winter temperatures can drop b
Arctic. Average July temperatures range fromwabo °Ctb 810 °C (14 to 50 °Ryith some

land areas occasionally eeading 30 °C (86 °F) in summ@omiso & Hall 2014). As show in

Figure2-1, Igaluit and Kuujjuag are under extremelydtolimate which have heating degree

days (HDD) more than 7000 days. And based on ASHRAE 90.1/NECB/NBC climate divisions,
Kuujjuaq and Igaluit are in Climate Zone 8 whichisnam&d s u b a £ ¢ ASHRAK  (

2010)

Global warming and rising sea leveld| affect future climate changehich are closely related

t o peopl eDhsirinfluencésyare évenfwerse for Northern Canada under extremely cold
climate where always covers by everlasting snow in most of the year. This phenomenon is
proved by botlpast climate and future climate in Northern Canada. According to statistics, there
is a dramatic warming at the start of the current interglacial period during the past 150 years. The
warming changef that 150 years is even greater than that of 10,008 ye@.On the other
hand,overall model projetions predict temperature @astern and western parts of North

Canadian regions will increabg about 2N with near 7%increase imainfall (Prowse, Furgal,

Bonsai & Edwards, 2009).



2.2 Northern Housing Challenges

In the last 30 year$JorthernCanada has experienced calesable technological changes
(Bolton et al, 2011). Even though vast improvementséndeen made to the infrastructures and
housing over the past fesecades, major issues includiogercrowded housing and dependence

on fossil fuels for heing and electrical generatiosemain as lingering challenges.

Overcrowding has led to many sociabahealth problems among th®stly Inuit population
(Khan,Dery & Menzies2010). Overcrowding tends to generate high levels of moisture in

homes, which can cause moisture damage leading to premature failure of building components.
A shortage of skilleddbor and local building materials in the remodenmunitiesorces

expensive transportation of supplies and workers from southern regions. Coupled with an annual
population growth rate of 2% and a shashstructiorseason, it is challenging to catch ughwi

the growing housingeedsn the north Kativik Regional Government and Makivik Corporation,
2010.

Northern Canada is also totally dependent on fossil fuels for heating and electrical generation,
consuming 170 million liters of petroleum in 2026806 (Kativik Regional Government and
Makivik Corporation, 2010 With the rising costs of fuels, and an increase in construction and
natural resource exploitation, the need for new innovative building designs which can be
constructed rapidly, energy efficiemdsufficiently durable to withstand this harsh

environment, are required to help provide a sustainable future for the Arctic.

2.3Ventilated Attic in Cold Climate

Ventilated attic, also called as cold attga typical structure normally used in North Amar

The aim of attic ventilation is to remove excessive moisture and then avoid the occurrence of
durabilityissuesAt t i ¢ ventil ation can be affected by
design recommendations for specific design items of moatilofihg codes in North America.
Detaileddesign parameters, suchwest ratio, locations of attic vents aceiling insulation
thicknessshould be considered in ventilated attic desidns sectiommainlyintroduces

research historyunctions andypical constructionstesearchsup to dateunder specific topics

and knowledge gap of ventilated attic applied in cold climate

9



2.3.1Research History

(Conventional) Ventilated Attic Ventilated Cathedral Ceiling

Figure2-2. Typical ventilated roof constructio®egal Straube Grin & Finch, 2017)
As a type of effective and economic design for pitched wicaaie roof structure, ventilated
attic is a typical construction widely used in loise residential houses and light commercial
buildings.Ventilated roofhas two typichconstructions: conventional ventilated attic and
ventilated cathedral ceiling, which are showirigure 22 (Smegal, Straube, Grin & Finch,
2017) Meanwhile, ventilated attecaremostly usedn residential housds North Americawith
unconditionecandunoccupied attic arg@lom, 2001)

As early as 1930s, attic ventilation is recommendeddastruction design frordS Forest

Products Laborator§Browne, 193). The first research about the relationship between attic

ventilation and attic durability iages wasonducted by Rowlegt al, laboratory measurements

of minimum attic ventilation rateseretested athe University of MinnesotéRowley, Algren &

Lund, 1941)Venting area requirement is setla800ratio according to the summarizatiby

Housirg and Home Finance Agency (HHFA) directedR®deral Housig Administration

(FHA) in 1942(Schumacher, 2008Ralph Brittoncarried out a numbef tests on evaluating

the condensation risk of different g of wall and roof assemblies at Penn State Wsityen

1948 and 1949. The detilresearch resultserepublished in 1995which areconsidered as

the firsthand formulation of 1:300 ratidRose, 1995)Attic ventilation becomethe

requirements oBuilding Officials Conference of Amerig@OCA) which is the first Model

Building Code establishad 1948(Building Officials Conference of Americda948).The

specificitem on this code in section 1158mentioned thafi A | | attic spaces and
spaces between roofs and top floor ceilings shalldmgtilated by not less than (2) opposite

louvres or vents with a total clear area of opening not less than one third (1/3) of one (1) per

cent of the hor i z o rppichtions ofptticovgntdatian bage arloogp f ar e a .
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history, historical utilization of attic ventilation can be dated back to the Nationaldihg of
Canada built in 1953s shown in Figure 23, compard to past attic constructions, current
ventilated attics have thicker ceiling insulations which will cut back heat flow ateh&age
through indoor conditionfell, 2015) Cleary and Sondereger creatdynamic model to

predict hourly attic air humidity ratiavhich is verified by comparing with lorigrm field

measured datdhis model established fotuglying humidity storagiys a good theoretical
foundation for definingnoigure flow in the attic zoneJJeary & Sondereger, 1987his model

is developed by Ford in 198Ris articlederives thenathematical formula of attic ventilation
velocity andreportsthe interrelation etween attiair dry-bulb temperature and depoint
temperature baseaxh on-site measurement in agl attics Ford, 1982) Several researches
indicateattic ventilation have a good performance for moisture removal within attic zone while
there is no obvios effect on heat trarefmechanism with surroundin@sl-Obaidi, Ismail &
Rahman, 2014 Ventilated attic is good to be applied in almost all climate zones, except for cold
coastal climates which are always under high humidity levels and some regiansath in
Climate Zone 8 whicllways have the high snow loé®oppel, Norris & Lawton2013) This
constructions especially beneficial farold climates andpreviousstudies have showthat attic
ventilationhasa significant effect omeducing condesationon roof sheathingRowley et al.,
1941;Rose & TenWolde, 2002). n t he early 2000s, AAbout Your
Canada Mortgage and Housing Corporation (CMHC) specially offer guidance to residential
homeowners. The guidance of this sepeints out the performance of attic ventilation is
overrated as a standalone strategy (Birkbeck, 2Gafyever, aplication of ventilated attic in
extremely cold climate istill under development stagais thesis povides documented

evidences for tlsiresearch aresupported by field measuremsand WUFI Plus simulation
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Attics from the Past

Historically, ventilated attics
worked because any moisture
deposited within the attic was
dried by ventilation in
combination with heat from
the occupied space below.

Current Attics

Current Construction practices
result in reduced heat flow
and air leakage into attics.

Figure2-3. Comparison between traditional and current attics (Marcus, 2015)

2.3.2Advantages and Disadvantagesf Ventilated Attics

In cold climate, he primary purpose of attic ventilation t& maintainattic inrelative cold
condition to prevent snow from melting or icendming in soffit vents andvad any moisture
related issue€Samuelson, 1998Residesattic ventilation has otmeadvantagedisted as follove
(Barth, 2015):

1) Good to avoid moisture damage issues. Excessive moistureupulathin attic will
damage wood structufehy gr oscopi ¢ materials), shorten
or fungus growth

2) Prevent damage afttic shingle caused by high temperatarsummerand extend its
service life

3) Reduce energy consumptioittic ventilation is a good method to cool down attic zone
and exhaust additional heathich cut the bill for air conditioning, especially for the

living space below the attic

It is pointed out that attic ventilation aad leakage through ceiling plane frdiving space e
the two main moisture penetratipathsof ventilated atticHowever, &ic ventilation has the
risk to introduce excessive msture through surrounding air, thusleguate attic ventilation rate

is an importanfactor to control moisture condition within attic zoh&door airpenetrates

12



through attic ceiling plane because of a lack of sufficient airtightmdssh will affectmoisture

levels within attic place.

2.3.3Mass Balance of Ventilated Attic

Upper Vent Opening ——

T

Roof Framing

Roofing ———_

Ventilated

Underlayment —— Affic Space

— Roof Gutter
|

Insulation \ Lower Vent Opening

Air Barrier Ceiling Framing

Vapor Retarder “~—— Ceiling Finish

Figure2-4. Airflow path for typical ventilated atticssembly (Schumacher, 2008)

Figure 24 shows detadd component&nd air movemergrocesf a typical ventilated attic
assemblyAs defined in ASHRAE Fundamental 2013, ventilatiothis process ahtentional
introduction of air from the outdoors into a buildifASHRAE, 2013) There are two types of
attic ventilationdivided by drivng forces, natural attic ventilation and mechanical attic
ventilation. In this thesis, only attic ventilation driving by natural air is involVéithd forces
and buoyancy forces (also called as stack effect) are the two main driving foncagifat atic

ventilation.

Wind blows over attic construction will cause pressure difference between windward side and
leeward side. Wind will be introduced in atsigace through vents in windward side because this
side generates positive pressure and exhaustedwardside openings. Wind speed, wind
direction surrounding topographgnd exposed level of buildingill impact the magnitude of

attic ventilation rate and then affewtural ventilation process in attic spatke volume of
wind-induced airflow is epressed in uation2.1 (Owens Corning Roofing and Asphalt C,

2015)
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0 + 0 6 (2.1)
Where,0 8 & volume of airflow (ni/h);
0 & & area of smaller opening fin
6 0 0 outdoor wind speedr{/h);
+ 0 0 coefficient of effectivenessvhich ranges from 0.4 (for wind hitting an
opening at a 4slegree angle) to 0.8 (for wind hitting at a@gree angle)

Buoyancyinduced ventilation is caused by temperatufieince betweeattic space and

outdoor environmen#ir density difference caused by temperature difference will make outdoor
air enter attispaceAt the same time, temperature difference also exists in upper and lower parts
of atticwhich will causeair movement within attic spac&he temperature difference between

upper and lower parts of attics defderon angles of roof assembilies, i.e. the height between air
inlet and outletTherefore, buoyancy induced ventilation is also called as stack &ffexct.

volume of windinduced airflow is expressed im&ation2.2 (Walker, 2016)

~

0 6 6 MY Y'Y (2.2)
Where 0 d & volume of ventilation rate (f/s);

0 0 0 0.65,discharge coefficient

0 & & free area of inlet openingn?), which equals area of outlet opening

08 & 9.8 (m/9), the acceleration due to gravity

"0 0 vertical distance between inlet and outlet midpoints (m)

“YO 0 average temperature of indoor @), notethat 27°C = 300 K

YO 0 average temperature of outdoor air,(Kdte that 27°C = 300 K.

Moisture balance within attic space is a dynamic prdsesause of attic ventilatio@utdoor air
enters in attic induced by wind pressure and buaoy effect through soffit vents and exhaust
through rigid vents. Attic ventilation can remove excessive moisture inside of atticvdipéee

canalso bring in outdoomoisture. There are three moisture sources considered in ventilated
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attic: outdoor airtirough attic ventilationyrrintentional air infiltrationof attic construction and

air penetrating from indoor space.

2.3.4 State-of-the-art Research

Thepurpose of introducing attic ventilation into roof construction is to minimize condensation
and moisture @umulation in attics due to air legefrom the interior spad€MHC, 1999

Rowley et al., 1941; Rose & AntpA003. This venting has three primary functions: (1) avoid
ice-damming along the attic eaves; (2) remove extra moisture out of attic; arbl8pevn the

attic during summeperiod (Blom, 2001Roppel et al., 2013Attic ventilation can be applied in
many different climates such as Hatmid or colddry climateslt has a positive effect on

reducing space cooling energy and moisture contdobithumid climate, such as Florida

homes. However, there is also risky to introduce extra moisture to the attic space by attic
ventilationin this climate, which may allow moisture transfer to indoor space when ceiling air
sealing in not sufficientRoofshingle color has a greater impact on attic temperature than attic
ventilation summarized by review materials (Parker, 2005). Hutchinson makes recommendations
to low-sloped attic assembly designder northern climates (ASHRAEoRe 4 and above)

through revewing failed designing cases and historical designs. He concluded that venting,
vapor retarders in the ceiling planes and colors of roofing materials will affect attic performance

and then determine the success or failure of attic design (Hutchinson, 2017

Adequate ventilation of the attic is important to ensurpetsormancel(stiburek 2006).
Typically, a 1:300 ratio is recommended by most building codssnvair barrier is present
(TenWolde & Rose, 1999Dverventilation will introduce extra moistarfrom outside and
increase attic relative humidity and moisture content in the shediasg & TenWolde, 2002).
Too low ventilation also has negative effect on the moisture removal, in this case, moisture
brought in attic will ke more than what can bemoved Essah, Sanders, Baker & Kalagasidis,
2009).Throughfield measurementgjagentoft and Kalagasidieund that if suitableentilation
was provided to cold roof, moisture risk can be redettsttively (Hagentoft & Kalagasidis,
2010).Arfvidsson andHarderup concluded that inadequateount of ventilation reduced the
capacity of moistureemoval in attic area and adding thermal insulation on the exstojoed

roofing surface conitouted to moisture accumulatioArfvidsson & Harderup, 2005).
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A numkber of studieshaveinvestigate the design parameters of attic constructMost of
building codes in North America prescriaeninimumnet free ventilation ratiaminimum vent
and insulation clearance amenting area under similar climatic conditior®wever, there is no
much detaito describe the design of attic baffle size and vent configurdffarand Tariku
investigatedhe effects of different baffle size and differéstations of attic vents on attar
distributionunder both summer and van periodghrough field measured data and validated
CFD model Research results shdahatair flow distribution will enhance when upper vent is
located at ¥4 distance from the top ridge. And baffle size has a significant effect on attic
ventilation rate éxpressed on ACH value), ACH values incredrsamatically withthe increase
of baffle size, when attic expéences windnduced ventilationlffa & Tariku, 2015) Kimmo
conductedield experiments toneasurenoisture content levels ihree cold atticsinder
controlled ventilation ofvood-based pitched roofa SwedenField measukdata indicates
moisture level®f 13% to 16% variewvithin an acceptable rangeer thetesting period, while
the initial MC leves werein high values. Thehange of measuredsults indicates drying
potential of wooden constructions and provides data stifgpattic desigr{iKurkinen, 2017)
The effect of wind pressure coefficigi@ on windinduced attic ventilation is investigated
through largescalefield measuremes conducted bgullbrekkenet al.. The measadresults
show thatwind pressure coefficient along eawdsattics is influencetby incidentwind angles.
And average value of wind pressure coefficiéfit ( is 0.7 derived by measured data which can
be applied to oneor two-storey houses with pitched ifsaunder different roof angles
(Gullbrekken, Uvslgkk, Kvande, Pettersson & Time, 2018

Baril setup fieldmonitoringof hygrothermal performance wéntilated andin-ventilated attics

in Canadian nolt Preliminarymeasuredesultsare presenteth 2013by Baril et al. and long

term measured results are further summarized and analyzed by G8atiklFézio & Rao,

2013; Ge, Wang & Bdr 2018). Kayello et al. examirgthygrothermal performance ainumber

of attics with different ventilation methods under arctic climate, including RH controlled
ventilation, BIPV/T mechanical & natural ventilation, mechanical & natural ventilatiomand
ventilated using WUFI PlugKayello, Ge & Athienitis, 2017)Simulation results indicatinat
ventilatedattics either mechanically or naturally have better hygrothermal performance within
attic spaceThirunavukarasinvestigates northern housing in Yellowknife and Northwest

Territories, based on the interview of &builders and occupants, ventilatattic is the
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preferable construction bec aalakeeissuiesdand mor e

compaatively economi¢Thirunavukarasu, 2017).

2.4 Un-Ventilated Attic in Cold Climate

Un-ventilatedattic, also calld as hot attic or sealed attis gettingpopular in North America
Becausef its fully-seald structurepun-ventilatedattics havehe advantage aoeducing heating
load in cold climatedJnder some climaticonditions,un-ventilatedattic assemblies nyebe
preferred thawented attic assemblieBhis section summaries research history, advantages and

disadvantages, moisture balance mechanism and current reseanatgsmilatedattics.

2.4.1Research History

Unvented Cathedralized Attic Unvented Cathedral Ceiling

Figure2-5. Typical n-vented roof construction (Smeget al.,2017)
Un-ventilated(cathedralizeplatticsis also called as sealed attics,its name impliesié a
sealed construction without any operstigatallow air exchange between attipae and
outdoorenvironmentFigure 25 showstwo types otypicaly un-ventilatedand unconditioned
attic constructionsunvented cathedralized attic (UCANd unvented cathedral ceiligCC)
(Smegalket al, 2017. Compare to conventional attic assembljgke thermal, moisture and air
control layers otin-ventilatedattic are moved to the plane of roof de&kd the structure of un
ventilatedatticsis also different fronthatof cathedral ceilings. Wether ventilated or un
ventilated the key differencéetween theetwo constructions is the presence of interior

finishing materials. Interior finishing materials are installed in the underside of attic framing and
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insulation in cathedral ceilings. Me un-ventilated attics have no interior finishing madés;j
attic insulation and framing atbrectly exposed to attic ajParker, 2005)Spray polyurethane
foam (SPF) is the most common insulation mateeebmmended bthe majority of building
envelope engineers and expdriesausef its good autightnes characteristicsMeanwhile, both
opencell (low density) and closeckll (medium density) SPF can bsedas insulation materials

of un-vertilated attics in all climate@ovestro LLC 2016).

The firstapplication of m-ventilated attimssemblies caratke back to 1970s, which is a popular
constructiorconforming to High Performance Attics (APperformance path compliance
(California Energy Commission, 201%ccording tothe research conductedif96g un
ventilated attic assemblies ascommended tbe widely appliedn North America area by .S.
Department of EnergyJ.S. DOE) because this type of structure havsifpee effect on energy
savingunder zone 6 climat@cynene Inc., 2013)According to statistics, there are at least
100,0® unventilatal atticshave been built in new residential housexe 1995n the U.S.
(Schumacher, 2007The earliestlesignrecommendations afn-ventilatedattic assembliewere
adopted by International Code Council (ICC) in 2004 and published in the Section BB06.4
International Residential Code 2008e performance monitoring afrventilatedattics in the
U.S. startdwith buildingd e monst r at i on h o u3%hes researchtresults ear | vy 2
provide evidences on degsi guidance and codes developm&msty factors which will affect
durability performance afn-ventilated attic assemblies are wa#aled ceiling and controlled
indoor humidity levels. Whilein-ventilatedattic design hagood inservice feedbacks and the
detaikeddesign guidance can beund inCanadian building cod€8irkbeck, 2017)

2.4.2 Advantages and Disadvantagesf Un-Ventilated Attics

Un-ventilatedattic is a construction that has-ampermeable insulatiomstalled underneath roof
deck instead of in the ceiling plarkhe attic space is iantiorely sealed from the outdoor
environmentAt the same time, attic insulations are connected with wall insulations which
becomes a part of insulated building envelope. Air tightness is importamnventilatedattics
because it is a type of fullsealed construction without any ventilatggenings. And this
construction also can effectively avoid the formation of ice dams which can extend the service

life of building materials. Thenainadvantages ain-ventilatedattics are listed as follasy
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1) Easyto build, there is no attic vents needed to install
2) Prevent ice damming kadding enough insulation and avoiding air leakage
3) Good to energy saving, twentilatedattic is a construction which is warmer in winter

and cooler in summer
However, unventilaied attics also he disadvantages:

1) Insulation installation at roof level is more difficult than at ceiling plane directly
2) Higher roof sheathing temperature and shingle temperature be¢bassaled

constructiorof un-ventilated attiavithout any openings

2.4.3Mass Balance of UnVentilated Attics

Air Barrier
Insulation

e Roof Framing
-

Vapor Retarder

Roofing —‘_“ /

7
Conditioned
Underlayment_— Attic Space — Roof Gutter

v

Ceiling Framing

Ceiling Finish

Figure2-6. Airflow path for typical unventilated attic assembly (Schumacher, 2008)
Figure 26 shows the airflow patfor typical unventilated attic (UCApssemblySchumacher,
2008) Un-ventilated attiarea is a sealed independent space which can be useddoanical
equipmentBecause there is no vanstalled, moisture source from outdoor environmgonly
can through air leakage of-intentional air infitrationwhich depends on airtightness
characteristic of attic construction itself. However, the main moisture sourcevehtitated
attic is from living space, humidity level and ceiling air leakage rate are the two kes féetor
will affect hygrothemal performance within umentilated attic spac#Vithout venting systems,

moist air inun-ventilatedattic cannot beaemovedimely. When indoor moisture trans$do the
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attic spacearried by air leakagearough ceiling plane, especially under high iodbumidity

level, moisturerelated problemsay occur andause durability issuem attic plywood
sheathingWood-based sheathing boards are sensitive to water vapour as a type of hygroscopic
material. TheMC level of attic sheathing can be selectedexfogpmance criteria because it

always the first place where vapour diffusion and air leakage condensation will take place

especially during thlaeating season in cold climg@megal et al., 2017)

2.4.4State-of-the-art Researchand Knowledge Gap

Un-ventilatal atticassemblies (UCAgan be applied imostclimates all roundavorld. However,
there ardimited research that have been reported on evalutimgerformance of this type of
attic structure under cold climate, especially under extremely cold cliResearch group from
University of Waterloo and Building Science Corporatitmveloped a research related to
hygrothermal modeling coveriral climate zones in the United Stat8smulation results
indicatethatboth SPF and fibrous insulation can be aapin UCAassemblywhen indoor
humidity in wintertime is controlled and attic construction is under a good airtightness status.
This papesummarizes the key factors should be considered in the design ofwihih,arethe
exposure duratioaof roofing, vger permeance characteristic of insulation mateand indoor
humidity levels(Straube, Smegal & Smith, 201®udd from Building Science Corporation
reported filed measudaesultsof temperature of asphalt shingtested in Jacksonville, Florida
in the United Stateandthe combination of attic pressure differentials aivdeakage rates
tested in Banning, California the United States of UCA constructidfor asphalt shingle
temperaturefield measured results of UCA are 0.2greater thathatof standard ventilated
attic during the whole testing period. For attic pressure differential and air leakagéetates,
measured results show roof plane carried 70% (15.7 Pa) pressure differential on average and
ceiling plane carriethe restTheseresearchsprovidedata support to future researches related
to the performance of UCA construction, and the result is also good to pribraaterability of
roofing materialMoreover, it also can provide evidence to modify building desigeria
because climates will affect the selection of insulated method and vapor diffusion resistanc
strategies of UCA assembli@2udd, 2005 Oneyear monitoring of hygrothermal conditions
(attic air and plywood sheathing temperature) of UCA assemblith medium colored tile roofs
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comparing with ventilated attiageresetup in 1997 in Las Vegas. Testing resultcate houses
constructedvith UCA assemblies cdpe beneficial under theot-humid climateg(Rudd &
Lstiburek, 1999).

As introduced irthe previous section, opetell and closd-cell SPF insulation are the most
popular insulation materialssed in UCAbecausef their good aHimpermeable characteristic.
There are no openings BICA to remove builin moisture thereforejndoor humidity leel
should be controlled to avoid moisture transfer from living space to atticTdrisapecific
constructiormakes UCAa better design in wooden areas which will have a positfeetafe on
preventing wildfire(Schumacher & Reeves, 200ASTM D22.05 sibcommittee on indoor air
develop onadimensional transient dynamic numerical simulation models to test SPF
temperatures in UCA asmblies of residential hous@uncan, 2017)Iinsulating methods and
vapor resistance controlling are important to UAC des#gilrM International is developing a
new standard named ASTM WK54379, Standard Guide for the Evaluation, Rehabilitation and
Retrofit of Existing Steep Sloped Roof Assemb({i@STM, 2017) This standard aims to
improve the performance of sloped roof, in@UdCA construction, according to practical

applicationcases and updated energy cod@gphers, Wagner & Knorowski, 2017)

2.5 Attic Ventilation Rate

Fornatural ventilation in attic, wind speed and wind direction have significant impact on attic
ventilationrates Several experiments wesetup to measure ventilation rates under different
climates,andthe earliest study of attic ventilation rates testing can be traced back to 1977. Burch
and Treado conducted an experinaéstudy to investigate energy consption conditions under
different attic venting systenThree houses in Houston, Texas were te$tdwnthe wind speed
was 4 m/s and wind direction saom SSE, attic ventilation rates 566 ACH and 4.4 ACH
weremeasured under different air leakage rétes living space to attic areeespectively

(Burch & Treado, 1979). Forest and Walker measured attic ventilation rate of two unoccupied
houses through tracer gas injection method located near Edmonton, Albedda@am Dec.
1990. Meanwhile, one att(named as Attic 5) ventilates throujie background leakage of the
roof sheathing and gable enslghout any other intentional openings, and other one (named as
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Attic 6) has soffits and flusmounted vents. The twgear measuckresults indicate thatattic
ventilation ratesvereparticularly influenced by wind direction and increggeth wind speed.
Detailed data collection and analysisrepublished in1995. Statistical resishowed that
ventilation rates in Attic 5 range from 0 to 7 ACH (averagadvepeed is 9 m/s) andnmle in
Attic 6 varies between 0 and 50 ACH with mean ventilation rate is around 20 ACH when
average wind speed is about 6 ififerest & Walker 1992Valker & Forest 1995). Attic
ventilation rates of four typical sloped roofs witifferent vents and sbifs design wergested in
wooden structure buildings using tracer gas system in BC province. Test resulthahow
weekly average ventilation rates range from 1 to 5 ACH under two measuring periods
(DecembeB™ to 158" and Februar 20" to 27" (Roppelet al, 2013).

There areno field experiments conducted to test attic ventilation rate in extremely cold climate,
especially in Northern Canadian region. The effect off§ireened snow caused by extremely
cold temperature blowingnio attic space through attic ventilation is also needed to be

investigated, especialthe hygrothermal performance of attic.

2.6 Code Requirements& Industry Guidelines of Attic Ventilation Rate

Attic ventilation rate, in akchange per hour (ACH), is deéd as the quantity of attic ventilation.

Il tds i mportant to desi gn etolguanartee sipelifermancee asonab
(Lstiburek 2006).Too high \entilation rate has the risk of introduciegcess moisture through

outdoor air under highumidity environmentvhich may causdurability issues of woaeh

constructions in attic space, such as mold growth and decay in sheathingsa(Rose &

TenWolde 2002) However, too low ventilation rate also has side effects, especially moisture

removal Insufficient ventilation cannot remove most of bilpl moisture inside the attiand

moisture accumulatiom attic space will causgurability problems as well (Arfvidsson &

Harderup 2005).

Net Free Vent Area (NFVA) means the total unobstructed(asemlly measured in square
inches), througlthatair can enter or exhaust a npawered ventilation component, which is
used to describe vent area. A ventos effectiwv

presented by the ratio of the area ofibkatilation openings in attic to the area of attic space. As
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the main indicator uskfor attic venting design, a300 ratio is typicdy used in cold climates to

avoid fine particles from outside penetration.
Minimum attic ventilation requirements of cant codes are listed as follew

International Residential Code * 2015 (IRC 2015)

International Residential Code * 2015 (IRC 2015 pplied to detached onand twafamily
dwelling and townhouses, whichupdaedevery three year§&ection R806 in thiatest version
of IRC 2015 Roof Ventilation of IRC 2015 describes ventilation requireméris code
mentions that the mimum NFVA should be 150 ratio of the vented spaflaternational Code

Council, 2014) The detailed items are intercepted as fattow

1 R806.1Ventilation required. Enclosed attics and enclosed rafter spaces formed where

ceilings are applied to the underside of roof rafters shall have cross ventilation for each

separate space by ventilating openings protected against the entranoeoofreiw...
1 R806.2Minimum vent area. The minimum nefree entilation area shall belb0 of the
area of the vented space.

Exception: The minimum net free ventilation area shallli&00 of the vented
space provided one or more of the following conditiaresmet:

1. In Climate Zones 6, 7 and 8, a Class | or Il vapor retarder is installed on the
warmin-winter side of the ceiling.

2. Not less than 40 percent and not more than 50 percent of the required
ventilating area is provided by ventilators locatethig upper portion of the attic

or rafter space...with the balance of the required ventilation provided by eave or

cornice vents.

M R806.3Vent and insulation clearanceWhere eave or cornice vents are installed,
insulation shall not block the free flow af.aA minimum of a tinch (25 mm) space

shall be provided between the insulation and the roof sheathing and at the location of the

vent.

1 R806.4Installation and weather protection. Ventilators shall be installed in accordance
wi t h manuf ac halinstltatios of ventitatbrs io rodf sysiems shall be in
accordance with the requirements of Section R903. Installation of ventilators in wall
systems shall be accordance with the requirements if Section R703.1.

1 R806.5Un-ventilated attic and vented erlosed rafter assembliedUn-ventilatedattics
andunventilatedenclosed roof framing assemblies created by ceilings that are applied
directly to the underside of the roof framing meembers and structural roof sheathing
applied directly to the top of theaf framing members/rafters, shall be permitted where
al | the following conditions are met é
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International Building Code * 2018 (IBG2018)

International Buiding Code is promulgated every thyesars through the ICC Code
Development Procesandthe lateswersion is International Building Code * 2018 (IEXD18).
IBC-2018 carbeappiedto all buildings except detached em@d twoefamily dwellings and
townhouses up tthree storiesKelechava2017).IBC-2018 requires that buildings shall be
provided vefilation, normally through natarand mechanical means. The requirements of
enclogd ventilated attics andn-ventilatedattics are stated in Section 1208Rbof Ventilation)
of Chapter 12 (Interior Environment). This section describes the specificamguis of attic
ventilation, for example: ventilation openings, ventilation in cold climate, ventilation area.
Meanwhile, IBG2018 spediesthatNFVA shall be not lower than 150 of the ara of the space
ventilated. Howeer, when this construction iscated in Climate 6, 7 ah8, NFVA shall be
reduced to BOO.

The specific items of ventilated and-ventilatedattics are listed as follosv

1 1202.2.1 Ventilated attics and rafter spaces.
Enclosed attics and enclosed rafter spaces formed where ceiliraggohesl directly to
the underside of roof framing members shall have cross ventilation for each esperate
space by ventilation openings protected against the entrance of rain and snow. Blocking
ad bridging shall be arranged so as not to interfere with dvement of air. An airspace
of not less than 1 inch (25 mm) shall be provided between the insulation and roof
sheathing. The net free ventilating area shall be installed in accordance with

manufact r er 6 s i nstallation instructions.

Exception: The net free mossventilation area shall be permitted to be reduced to
1/300 provided both of the following conditions are met

1. In Climate Zones 6, 7 and 8, a Class | or Il vapor retarder is installed on the
warmin-winter side of the ceiling.

2. At least 40 percerind not more than 50 percent of required venting area is
provided by ventilators located in the upper portion of the attic or rafter
spaceéé. Where the | ocation of wall or
installation of upper ventilators, installati more than &et (914 mm) below the

edge or highest point of the space shall be permitted.

1 1202.2.3Un-ventilated attic and un-ventilated enclosed rafter asseblies.
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Un-ventilatedattics andun-ventilatedenclosed roof framing assemblies created by
ceilings applied directly to the underside of the roof framing members/rafters and the
structural roof sheathing at the top of the roof framing members shall be permitted where

all of the following conditions are met

NRCAOGs Guidelines on Attic Ventilati on

National Roofing Contractors Association (NRCi&)a nonprofit organization aiming tgive

practical guidelines fathe roof industtyNR C A 6 s t e ¢ hpmovideapplied guipdamae fors

roof assemblies, especially for installation and application. OtteedEchnical reports named
AVenti |l atiStmpfeoRoBtfedpsembliesd pointed out
for thesteepslope roof. The detatrequirements of attic ventilation in NRCA are listed as

follows (Owens Corning Roofing andsphalt LLC, 2015):

1 NRCA recommends attic ventilation in the minimum amount of 1 square foot of net free
ventilation area for every 150 square feet of attic space (1:150) measured at th@oattic fl
level (e.g., ceiling).

1 NRCA suggest the amount of attientilation be balanced between the eave and ridge.
The intent of a balanced ventilation system is to provide nearly equivalent amounts of
ventilation area at the eaveffit and at or near the ridge.

1 For a balanced ventilation system to function propegyroximately ondnalf of the
ventilation area must be at the eave/soft and approximatelgaihef the ventilation

area must be at or near the ridgey(,ridge vents andtatic vents).

In summary, existing building codes and industry guidelines aolyigle recommended

ventilated area (1:300 and 1:150) for gengypical climates andno detailed requirementsr

ceiling plane of ventilated attic to control air leakage rates penetrating through indoor conditions.

There areno specific design recommaeattbnsfor ventilated attic design under extremely cold
climate. On the other hand, suggested design details\wéntilated attic cannot be found in
current code. Also, speciftemsd on 6t pr ov i d e -ventildted attio designaimderf o r

extremdy cold climate.
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Chapter 3 EXPERIMENT AL SETUP

This chapter is prepared mainly based on the work that has been done byBBahieiho
designed the test protocol, calibrated and installed sensors and equipment, setup the data

collection and made the field obsetiea and periodical site visits.

3.1 Attic Construction under Investigation

Threehouses with cold roofs iNunavik territory of Norther Quebec were chosen for-eite
field measurement Two of them have veitdted attic with different filter membrane desig
which are House | (KMHB House) and House 1l (KSB Hou$gg third one is House Il (SIP
Prototype House) which has anwentilated and unconditioned attitop view of thredest
houseshown bythe screen shoot @oogle Mapare indicated in Figurg-1. Their onsite
photos are shown in FigureZanddetaikedenvelope assemblieseshown in Figure 3 to
Figure 35.

a) House | (KMHB House) and House(KSB House)
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b) House Il (SIP House)

Figure3-1. Top views of thre¢est houseshown byscreen shoot déoogle Map

a) House | (KMHB House) b) House Il (KSB House)

c) House Il (SIP House)

Figure3-2. Photos of the three houses monitored
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3.1.1House IT KMHB House

House | is a singlstory duplex with two 92 (1000 fé) units and a shared mechanical room

| ocated in between. This house was built i
social housing design is currently being constructedutiirout the territory to catch uptivthe
housing shortage. Figurex3shows the venting system and typical building envelope
components in House I. In the venting system of House I, the filter membrane is located at both
the bottom of the ventilated cladd and the entrance of the atjgace to catch snow (Figure 3
3-a)).

R1 :
=
I KMHB House: Exterior Wall
—— FILTER I e
MEMBRANE i : i
I Engineered Wood Siding
,g i | g 19X64 mm SFP Vertical Wood Strapping
I |'—- 180 Air Barrier [Spun-bonded Polyolefin)
ol = % 38 mmRigid XPS
it 1 9 = | S 38X140mm SFP wood studs
H 8 i;_ (A @  140mmMineral Wool Insulation
x | £ 0.15 mm Polyethylene Vapor Barrier
w - : 1964 mm 5FP Horizontal Wood Strapping
Hi= !_ 13 mm Gypsum Board
z ===
F1 — FILTER B |
o E=
CIH = i
]é’ Air =
a) Venting ystem b) Wall cross sction W1
Initerior Side

KMHB House: Roof KMHE House: Floar

== Asphalt Shingles
Roofing Paper
Self-adhering membrane
"i-\-\ 16 ram Tongue and Groove Plywoed (SPF)
| Roof Trusses (SPF)
\ \.( \.'I. 100 i Cellulose Insulation
| 280 mm Fiberglass Batt

13 mm $PF Exterior Phywood

Air Barmier | Spen-fianded Pokyclefin]
= XB0mm Fibergliss Batt

350140 mm SPF Weod Jonts

0.1%5 mm Polyethylene Yapor Rarrier

16 mm 5PF Tongue and Groove 058
3 mim SPF Oaen Wb Wiood Floor lonts

[ 0.15 mm Polysthylene Vapor Barrier 16 mm SPF Phywood
V] \ | I'. | 19%64 mm SFP Horizontal Wood Strapping Finished Flooeing [FVC)
\/ II'. | ',I IIl \ ,'I ..'I .II ,'I \f I'. | 13 mm Gypsum Board
A AL LA AL
c) Roof ®ction R1 d) Floor ®ction F1

Figure3-3. Venting system and typical building exlepe components of House | (KMHB House)

28



3.1.2House II'T KSB House

House Il is a twestory duplex built in Kuujjuaq, consisting of two 148 (0600 &) units with a
shared mechanical room built in 2008. It has a ventilated attic with a cold roof anditire afe

the venting system is slightly different than that in House I. As shown urd=84-a), outdoor

air directly enters the air cavity behind the died) and goes to the eavesfore finally enters in

the attic space through the filter membranesTHuause is owned by the Kativik School Board
(KSB) and is used to accommodate teachers and their families. The envelope components are

listedlayer by layer of wall section and roof section which are indicated in Figdre 3

KSB House: Exterior Wall

"~\ U Engineered Wood Siding

19%64 mm SFP Vertical Wood Strapping
Air Barrier (Spun-bonded Polyolefin)

38 mm Rigid XPS

38X 140 mm SFP wood studs

140 mm Mineral Wool Insulation

0.15 mm Polyethylene Vapor Barrier

13 mm Gypsum Board

19%64 mm SFP Horizontal Wood Strapping
13 mm Gypsum Board

X L X o

raur A

Interior Side

G

/

X
ET
| |

TN

b
Exterior Side

b) Wall section

KS8 House: Roof

Asphalt Shingles

Roofing Paper

16 mm Tongue and Groowe Flywood (SPF)
Roof Trusses (SPF)

100 mm Celluloze Insulstion

280 mm Fiberglats Batt

38 mm Rigid XPS

015 mim Polyethylene Vapor Barrier
15X64 mm SFP Horizontal Weod Strapping
1% mm Gypsum Board

¢) Roof ®ction

Figure3-4. Venting system and typical building envelope components of House Il (KSB House)
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3.1.3House Il T SIP House

House Il is a twestory SIP house builn Igaluit in 2012, consisting of two 1572r{1.700 ff)

units with a shared mechanical roohhis house is owned by KOTT Group and is a prototype
structural insulated panel (SIP) house that is a patefgsign to be used to rapdnstruct

durable, enmyy efficient homes for the housing shorta@kis SIP house has am-ventilated

cold roof, which relies on an airtight ceiling assembly that will keep the warm moist interior air
from entering the weonditioned attic space. The-ventilatedattic will prevent fine snow

particles infiltrating the attic space from outside, if built properly. However, extensive re=earch
have not been conducted on this type of attic system to determine if it will have sufficient drying
potential and will be suitable fonéextreme northern climate. Figures3hows the roofing

system withthe detaid constructiorof building envelopéayer by layer.

SIP House : Exlerior Wall

19/32" Goodstyle Panel Siding

1X3 SPF Strapping @ 16" O.C.
Weather Barrier Membrane

12" Structure Insulated Panel {SIP)
2X2 SPF Strapping @ 16" 0.C.

1/2" Abuse Resistance Gypsum Board

Exterior Side
Interior Side

3

a) Un-ventilatedSIP roofing system b) Wall section

— SIP House : Roof
S i s SIP House: Floor
Pre-finished Metal Roofing

1X3 SPF Strapping @ 16" 0.C.
Weather Barrier Membrane

1/2" Square Edge Plywood With Clips
Engineering Roof Trusses @ 24" 0.C
Blown-in Cellulose Insulation(R-63)
1-1/2° Polysocyanurate Rigid Insulation
1X3 SPF Strapping @ 16" 0.C

1/2" Gypsum Board

Floor Finish
5/8" T & G Plywood Floor Sheathing
14-5/8" Structural Insulated Panel (SIP)

Exterior Side

c) Roof =ction d) Floor sction

Figure3-5. Un-ventilated attic system and typical building envelope components of House Il (SIP
House)
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3.2 Instrumentation

To remotely monitor the hygrothermal conditions of the attic, indoor occupied space and outdoor
conditions, wirelesdata acquisition systems were used. Mois@ortent (MC) sensors were
installed to monitor thenoisture content levels obof sheathing and top chord of rafisses.

The resistance type of MC sensors has {ithermistor, which allows the MC corremt for
temperature and can operate under temperature wiltBiyh to 125\ with an accuracy of

0.9\ . Unrinsulated moisture pins were used with a MC range48% with a resolution of

0.1% and accuracy of £2% below 30% MC level. The measurements twlon plywood
sheathing using resistance type of moisture pirre werified by comparing to gravimetric
measurement at a MC level of about 10% before their installation for the field measurements.
Relative humidity and temperature (RH/T) sensors were installed to monitor the conditions in the
attic air above the accebkatch as well as in the ceiling insulation and can be used to determine
the amount of moisture in the air at these locations. RH/T sensors were also installed outside the
houses to monitor outdoor conditions as well as inside the living space to mioaitoddor

conditions. The RH accuracy is +3%~5% between 10%~95% and can be operateeB@ithin

to 70N .

The sensors were connected to battery operated-amaltinel data logger, which has an

extremdy low power usage and can perform letegm monitoring fom a three AA battery pack
without the need for the installation of external power cables. It has three-i@&vbattery life
depending on sampling rate and operating temperatuigd db@ON . To preserve the battery

life, these data loggers were madbelow the attic insulation on the warm side where-built

RH/T sensors monitor the insulation conditions. Collected data was wirelessly sent to an internet
connected laptop located in the mechanical room of the houses. The data was then synchronized
hourly to a website where readings can be monitored remotely as well as downloaded and
analyzed at Concordia Urawsity in Montreal, Quebec. An Uninterrupted Powep 8y (UPS)

was installed to extenghattery life of the laptop and provide power to the modenng

electrical interruptions. The remote data logging system along with the sensors were provided by

a manufacturer.
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As shown in Figure-3, Building Intelligence Gateway (BIG) Computer System is a data
collection system that continuously collects mfi@ation from the distributed sensor and data
logger network. It uses windows 7 platform for ue¥ndly configurations and local data as
well as synchronization with the dime monitoring and reporting system. MobiMireless Data
Acquisition (WIiDAQ) rodes interface with BIG system directly to transmit collected RH/T
values, while multichannel A3 wireless data loggers are installed between PMM and BIG

system to gather MC data from each building component. The A3-chaltinel data logger has

up to eightvoltages or resistance sensor inputs.

Figure3-6. A3 Wireless multichannel data loggers Figure3-7. Building Intelligence Gteway (BIG)
computer systa.

The A3 Wireless MultiChannel Data Logger§igure3-6) chosen are extreryelow power

usage and can perform lotgym monitoring from a three AA battery pack without the need for
the installation of external power cables. It has three teyiea bétery life depending on
sampling rate and operating temperatureNdt® 40N . To help preserve the battery life in cold
operating conditionghe A3 units were placed beneath the cellulose insulation where built in

RH/T sensors monitor the insulation conditiofigure 38 is the photo of moistureontent
sensor.
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Figure3-8. Moisture content sensor.

The details of experimental equipment smenmarizedn Table3.1:

Table3.1. Specifications of instruments

Equipment Name

Performace

Point Moisture Measuremer|
(PMM-03-030)

= =

Signlmanges ial theseseahncd
BI G software prdawimpe saac
budiIntthermistor temperat
for tempemantuse adj ust
Opeirrag tempseNatdBobe

RH Sensor
(HTM2500-02-030)

= =1

Rel ative humildagedvtaorma raabd
capaci tHumitryepe HTS2010 ; hu
Temperature measurements
MF52 precision Negaitéivte
thermi stor;

Her meti c housing provide
protection from water i m
afterours0 of condensati on
RH mcacy bet wee M3 %aB®6t 0
Environment al operr ahtuimi gd i
t rans ccult-eMmD;

Temperature thermist-pB w
~18R5

BIG-GW-001

Continuous monitorriam an
di stributed sensor netwo
Wi ndows 7i spluastefeb rfinoern dd syer
configurations and | ocal
synaoahrzat i on-lwinteh mome tom i
Ssystem.
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A3-122-HO0-8R/8V

Mu l-cchhanatéd Ildogging of ext
Up tog& wol tr&asi stance se
Thr eey-dsdbvag t ery | i fe depe
Operatingi®®~NeEr atur e

| ntadr e mor y capalblyielairtsy o

E RN

T UsesensrCMOSens technol o
and perfor malamralnoge rtsa od

1T Differenti al wirtehs saurteh enren
el ement ;

S-Pressuré4 1T Accurretsesup e meawul @k nd s
range of 62Pa;
T Fuspan Accuracy is 0. 509%;
T Operating tlemp6ddr at ur e i s
Built-in Honeywell HIH4000-001 RH sasor has a resolutio
A2-Typ.1 of 0.5%RH.

3.3Field Observation and Sensor Location

3.3.1House IT KMHB House

House lis a duplex house with two unitgifit A and Uhit B) and a shared mechanical room

between them, but now it issed as singtstory house, so onlyygrothermal conditions dfinit

A was measured. Through field observation, there are no dignmgisture on building materials

and no rust on roofing nails (kige 311). Filter membranes were installed both at ridge vent and

atwall air cavity entrancé~igure 313). And dead bolt locks installed to ensure hatch pulled

tight onto weather strippin@-igure 312. Sensor s6 setting i s as

Moisture Measurement (PMM) sensors were installed, two of them in truss and five afthem

S ame

sheathing, one RH/T sensor for attic air was installed over attic hatch and three RH/T sensors for

insulation were buried beneath the cellulose insulation beside the attic hatch. There are also four

pressure differential sensors on 32amsedtidgg e

details(Figure3-10) are as follow:
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Table3.2. Sensordcations of House | (KMHB House)

Un N&a me Senso PMM Specific L
Amoun
1) PMMLIi #n the westg¢g
noetsnl ope sheathi
2) PMM2i ®#n t he westthg
noetsnl ope truss;
3) PMM3 i son eastern
noetsnl ope sheathi
SevRRMM|4) PMMAi en t heersnwd et ;o
Senso|5 PMMi ®n t he Wes D{
south sl ope sheat
6) PMM6i ®#n t hen wseisdteg
south sl ope trus:§g
7 PMM/i ®n thterem sSi
south sl ope sheat
1) RHFIT en the truss
UnAt bel ow wes;t sheat
2) RHIF2Ti sbeneath t h
i nsul ation on we
Four F sl ope beside the
S 3) RH/3Ti sbeneath t h
enso . ;
i nsul ation on th
south sl ope besic
4) RH/F4T i sbeneath t h
i nsulation on th

south sl ope besi
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JAY A :
|
PMM-1 @ Norih(West) PMM-3 ) I
PMM-2 NorthEest |
B run2 :
|
|
% RH/T-1 Attic A I Attic B
| kll——— |
| |
() OSB(Wesl) | | |@ Truss Molstura Content'Temparature
PMM-4 mRp3 RIUT-4 [ : Mech I O Sheathing Molsturs Contsnt/Tempsraturs
I I | Relative Humidity/Temperature(RH/T
I ﬁ?tﬁ:m | |/\ Pressure Differsntlal
| |
PMM-6 @O PMM-5 PMM-TO) | | [ _RHT Below insuiation
South(Wast) South(East) | | D Altlc Access Hatch
JAN JiaY
Fi g3t tnsosel ocations in House

Fi g3#rXOAttic vi ew.
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Fig3#ri®ead bolt |
hatch pulled ti

Fig3r2ilter membr an
vent

3.3.2House Il T KSB House
P

Fi g83Tr3o signs of moi sture on buil ding

House llis a twastory duplex house consisting of two 1600uftits with a shared mechanical

room. Filter membrane only was installed on ridge vent. From sienaigon, building

materials have no signs of moisture on building materials and roofing nails have (rogust

3-14). Seven Point Moisture Measurement (PMM) sensors were installed, five ofithem
sheathing and two of them in truss, one RH/T senstalied over attic hatch to monitor attic air

and three RH/T sensors buried beneath the cellulose insulation beside the attic hatch to monitor
insulation. There are also four pressure differential sensors on the edge of roof slope. The
guantities and positns of sensors (Tab®3) and details of theiocations(Figure3-15) are as

follows:
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A A @ Truss Moisture Content/Temperature N
O Sheathing Moisture Content/Temperature
RH/T-2 RII/T-3 [ Relative Humidity/ Temperature(RH/T)
] . Pressure Differential
. RH/T Below Insulation

North(West) PMM-3 wile
@) rvM-2 @) |:I ﬁ [<] static Roof Ventilator
1

PMM-I North(East) L] T [] Attic Access Hatch

A West () PMM-4

: Attic B
South(East)
Attic A X O @y X

PMM-6

RH/T-4
) PMM-5
South(West)

Figure3-14. Attic sensor locations in House Il (KSB House)

Table3.3. Sensordcations of House Il (KSB House)

Un N meg Sensor A PMM Specific Loca

1) PMMLIi 8n the Wwwesbérnhes
sheat hi ng;

2) PMM2i &9n eéedteesride of th
tus s ;

3) PMM3 i on e asdteeromf st he
sheat hi ng;

4) PMMAi en t he wes;t side
5 PMMoi 8n the wesbérmhes
sheat hi ng;

6) PMM6i ®#n t hesedst®fnth
SevieMMSens truss,;

+ 7 PMM/i ®n the eastern s
Un At FoRMH/STe ns ( sheat hi g.
1) RH/LT e n he truss abosv

n

t
sheat hing
2) RHI2TIi sdheneath t he cel
western side of the n;g
3) RH/3Ti eneath the cell
ed®ern shnoeltdpethesi de
4) RH/I4Ti deneath the cel |l |
eastern side of the s.(
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3.3.3House lll T SIP House

Figure3-15. Weather stripping installed on apag trim in all units

Based on four access hagsln SIP house, the attic of that house is divided into four uhity,
are Unit A upstairs (UAJS), Unit A downstairgUA-DS), Unit B upstairs (UBJS) and Unit B

downstairs (UBDS). From field observaiin, it 6s easy to f

plled t hat

weather stripping (Figure-B6) which is as an air sealing to make the attics being sealed off from

indoor area and closed cell sponge rubber tapes were also installed around openings for the

hatches to be seated on in all units. Gasket systems around all attic hatches opening were not

installed during construction. Upon opening of all attic hatches, area of moisture could be

discovered on plywood sheathing and trusBegire 317 indicates intuitie durability issues

within un-ventilated attic observed in House I[The specific observation problems are showed

on the Tabl8.4which is as follow:

Table3.4. Observation pblerns of House III (SIP House)

Un Na me

Obser vrad hdoeam P

Uni tp At &Ji-US)

Decay of truss ocg
Wet sheathing on n
Bl ack spots on tru

—

Uni town Dt a-DE ¥

Moi sture on truss
Moi st sheathingcau

Uni UpBt ai-US)

APWONREINMNRPIQONR

Decay starnting on
Moi sture stains; on
Wet sheathing on n
Rusty roofing nail

~|=.—|n O c

n O

ST Sigs|in TS
" 0o cle
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Wet sheathing on sout
Moi sture on sheat;hing
Rusrtoyof i ng nail s

Bl ack spots on truss

Uni tovBn Dt a4iDIS9

PwpNPE

¥ e

d) Sheathing wet on north slope. - e) Black spbté on truss.
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J) Moisture on sheathing absorbed into truss.

Figure3-16. Field observation of urentilated attic of Housell[SIP House).

RH/T of insulation and attic air are measured through RH/T sensors. Thedl@ss data logger
with built-in RH/T sensors was buried beneath the cellulose insulation beside the attic hatch to
monitor RH/T condition of insulation part. RHSEnsors also were installed on the truss above
hatch and below wet sheathing to measure hydrothermal cosdifiattic air. PointMMoisture
Measurement (PMMjensorsre installed on wet sheathing and truss, their specific positions
(Figure 318) and amouts (Table3.5) are indicated as follosv
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Table3.5. Sensordcations of House Il (SIP House)

Un Name Sensor A PMM Specific Locatd.i
1) PMMLi en t he pronttrussl above
2) PMM2i en t he nsohretaht hsilnogp eab ov
3) PMM3i esn we glteerof dihe north
UniUpsAtaFOIP“VWBenS@PMMMen the eastern side of
+
(UNS) TW&®H/STens
1) RHFIT en the trusngd alediwenrs eed
2) RHFE2T beneath the cellul ose
hatch
1) PMMbien the west sl ope ;trufg
2) PMM6i s o |vdgpsstheat hi ng;
3) PMM/i en t he westodrn hei sout h
4) PMM3Biean the eastern side of
UniDomAnstFOlPMNrsenS)
UD S + hat ch.
(UBRS) TW&®H/STens
1) RHF3T en the truss abosveshad
2) RHF-T Beneath the cellul ose
hatch
1) PMMIien t heomertrhusd above
2)PMM106n t he nsohretaht hsilnogp ea b 0\
F P MM 3) PMMLIen western sbpe eheth
Uni UptsBai our+ 4) PMML2 en the eaathishg@pe sh
(UBS) Two RH/ T
1) RHST en the truss abosves had
2) RH/6Fi eneath the cellul ose
hatch
1) PMML3 en weéiet er rs ouibdee sdfo we s
attic hatch;
2) PMML4 ean weéret er rs ouitche s fotplei
the attic hatch;
UniDoanstFour+PMM 3) PMML5 en eadeeoh she south
B 4) PMMLG en t he east sl ope she
(UBS) Two RH/ T ) P
1) RHF7T en the truss abosvesihad
2) RH/I8i Beneath the cellul ose

hatch
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Unit A Upstairs

Unit B Upstairs

H
1
]
PMM-4 | -
(UA US) "MteuM(UB US)
Morth (East) : North (West)
North i North
PMM-2 () @ PMM-1 ! PMM-10 O @ PKM-9
West () [ JRH/T-1 H RH/T-50] O East
PMM-3 [ | ! [ ] PMM-12
RH/T-2 ! RH/T-6
:
1
]
i
]
SR PMM-8 RH/T-3_ RH/T-7.__ PMM-14
- outh(East)() [] H ] @ (South(West) (7 East
PMM_CGD @ \West u i D.pmm-13 PMM-16
i Niairs | Unit B Downstai
Unijt’A Downstairs | n ownstairs
(UA DS) ; (UB DS)
{) South (West) i ) South(East)
PMM-7 i PMM-15

[

[ ] Relative Hum idity/Temperature(RH/T)
DAﬁic Access Hatch

. RH/T Below Insulation

. Truss Moisture Content/T emperature
O Sheathing Moisture Content/Temperature

Figure3-17. Attic sensor locations in House 1l (SIP House).
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Chapter 4 ANALYSIS RESULTS OF FIELD MEASUREMENTS

The hygrothermal pesfmance of attics is analyzed based on its temperature, relative humidity,
MC levels in sheathing and trusses, humidity ratio difference between attic and outdoor air, i.e.
moisture excess, and mold growth index. The performance for each house is piagéeted
following section separately. The performance comparison of these three houses is included in

the discussion section.

4.1 Moisture Content, RH and Moisture Excess

4.1.1House |

Figure4-1 shows the comparison between the hourly temperature measuredpiyvibod

shathing SW and outdoor air, aitjure4-2 shows the daily averaged moisture content
measured on four plywood sheathing and one wood truss in House | during the monitoring
period from July 2013 to JaB015. Seasonal variation in MC and temp@ecan be observed
during this one and half year period. In general, the sheathing temperature was higher than the
outdoor air in a range of 16N with occasions as high asi80Q especially during summer with
high solar radiation due to the thermal mass effect. The difference in sheathing temperature of
the five locations is not significant although the maximum temperature on theosmuritation

was typically about Bl higher than that on the north orientationN4®ersus 44l ), therefore,

only temperatures measured on SW sheathing are plotkegure4-1 as an example. Similar

temperature profiles on wood trusses were observed.

The daily averageMIC levels varied between 11% and 23% for the five locations monitored on
plywood sheathing. In general, the MC levels in plywood sheathing were low in the summer
time between 11% and 13%, while gradually increased during the fall and winter and peaked at
around 17% for the three sheathing locatiwis, NW and Wegt about 20% for SE sheathing,

and 23% for SW sheathing in Jan. 2014. For the SW sheathing, MC levels increased starting
from the beginning of Nov. 2013, reached above 20% in early Jan. 20péaket at 23% and
stayal above 20% till the end of FeB014 and then started to decrease with greater daily

fluctuations. The MCs were able to drop to around 11% during the summer. As for the SE
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sheathing location, MCs had greater fluctuations than aibhations, while the average MC was

lower than that of SW sheathing and was similar to other locations.

60

20 S e

Temperature (°C)

T O S boeeeee R A S ,

I R
-40 : —

2013-07-24 2013-10-12 2013-12-31 2014-03-21 2014-06-09 2014-08-28 2014-11-16 2015-02-04
Date

Figure4-1. Comparison of hourly temperature of plywood sheathing SW and outdoor air in House |
during the monitoring period from July 2013 to Janu2@y.5.
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Figure4-2. Daily averaged moisture content of plywood sheathing and wood truss measured in House |
duringthe monitoring period from July 2013 to Jany2015.
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In general, the MC levels onowd trusses were lower than thasethe plywood sheathing,

varying between 11% and 16%. For the NW truss, the M@ained around 11% from the
beginning of the monitoring and started increasing from-Mhedch 2014and peaked at 16% and
then decreases from early April to around 11% throughout the summer. For the SW truss, the
MC levekfollowed a similar pattern as SW sheathing, varying between 11% and 16%. The MC
profiles for NW sheathing and SW truss are similaXEbsheathing, therefore, their MC profiles

are not included ifrigure4-2.

Figure 43 shows the comparison of relative humidity and temperature in the attic air and
outdaor air. It can be seen thatitdoor air temperature varied betwed@N to 25\ with a long
winter period. The attic air temperature followed a similar trend as the outdoor air and typically
higher than outdoor air temperature in a range D% with occasions as high as close tiN30

especially during summer with high sotadiation due to the thermal mass effect. During the
summer time, there were also occasions with attic air temperature being lower than outdoor air

temperature due to clear sky radiation. In the winter time, the difference was within 10

There were sligtly seasonal variations in RH level of outdoor air but generally the outdoor RH
was high with an annual average of 72% and the maximum RH can get as high as close to 100%
in spring and summer time. In winter time, RH level of the attic air remained aB8&howhich

was higher than the outdoor air. In the summer time, attic RH was significantly lower than

outdoor RH due to the much higher attic air temperatures.
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Figure4-3. Attic air RH/T compared to outdoor air RH/T conditions in House | (KMHB House)
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Figure4-4. Attic air HR compared to outdoor air RH/Trbtions in House | (KMHB House).
Figure 44 shows the comparison of the humidisio between attic air anolutdoor air. In the
winter and spring time (Fige 45-b) andFigure 45-c)), the humidity ratio (absolute amount of
moisture) in attic air remagnhigher than that afutdoor air and # difference increases when
weather warmed up, while the difference is smaller comparddtantthe summer time (Figure

4-5-d)). During the winter time, moisture entered in the attic space from indoor was abisprbed

hygroscopic materials in the attic and | ow at

moisture, therefore, the humidity ratio difference between attic air and outdoor air is quite small,
less than 2 g/kg with an average of 0.5 g/kg. Whéar sadiation becomes available during the
spring time, attic wood structure starts to dry out and releases moisture absorbed during the
winter time into the attic space, which increases the humidity ratio of the attic air (less than 4
g/kg with an averagef 0.8 g/kg). During the spring time, attic moisture excess has a greater
fluctuation due to the adsorption and desorption of moisture from loggriegsmaterials in attic

space as a result of solar radiation and higher outdoor air temperature. Dugagther time,

the humidity ratio difference fluctuates more with similar magnitudes of negative and positive
values (from-7.8 g/kg to 6.4 g/kg with an average of absolute diffezef2.1 g/kg, shown in

Figure 45-d)). Higher air temperature and solariedbn allow the release of moisture from

roofing structure to the attic space and attic ventilation helps the removal of this moisture out of
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the attic space ding daytime. During night timesspecially with cleasky, the cleasky

radiation cools dowthe attic air lower than the outdoor air, resulting in humidity ratio in attic
air lower than outdoor air. Under this situation, the attic ventilation will bring in outdoor
moisture into the attic and increase the moisture content level of roofing wootists. This
effect can also be seen by the daily fluctuation ofsCplywood sheathing and wood truss, as

shown inFigure4-2.
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Figure4-5. Difference in humidity ratio and temperature between attic air and outdoor air in House |
(KMHB House).

In general, the attic ventilation system in House | seems wovkatigexcept for one location on

SW plywood sheathing as shownFigure4-2, which had moisture content level reaching risky
level during the spring time, however iag/able to dry to a safe level during the summer time.

The temperature and humidity ratio differences between attic and outdoor air indicate that some
levels of attic ventilation inducetly wind and stack effect exists, aattic ventilationis helpful

to the removal of moisture.
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4.1.2House I

Figure 46 shows the comparisdretweerhourly temperature measured on the plywood

shathing SW and outdoor air, aitgure 47 shows the daily averaged moisture content

measured on five plywood sheathing and one wogs in House 1l during the monitoring

period from Aug. 2013 to JaB015. Seasonal variation in MC and temperature can be observed
during this period. The sensor installed on NE wood truss malfunctioned, therefore, only the data
collected at the five lations on plywood sheathing and one on wood truss are shdtvs

part

Similar to what has been observed in House I, in general, the sheathing temperatures were higher
than the outdoor air in a range of18N with occasions as high asi$0especially during

summer with high solar radiation due to the thermal mass effect. The differences in sheathing
temperatures of the five locations were not significant although the maximum temperature on the
southorientatiaon was typically aboutld higher than that on the north orientationN4®9ersus

43N ), therefore, only temperatures measured on B¥dthing are plotted in Figure&das an

example. Similar temperature profile on wood truss is observed.
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Figure4-6. Comparison of hourly temperature on plywood sheathing SW with outdoor air theing
monitoring period from Augus2013 to Janurarg015 in House Il (KSB House).
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Figure4-7. Daily averaged moisture content of plywood sheathing and wood truss measuredhguring
monitoring period from Augus2013 to Januar2015 in House Il (KSB House).

The daily averaged MC levels vary between 9% and 28% for the five locationgaaogl

sheathing. In general, the MC levels in plywood sheathing were low in the summer time about
10%, while gradually increas during the fall and winter. Starting from rkeb.2014, the MC

levels at SE, SW and West locations abruptly increased andgatR8% at SW sheathing and
26% at SE and West sheathing, respectively. The MC of SE sheathing started to drop first and
dried to below 20% by the end BEh 2014, followed by SW sheathing, whidried to below

20% early Marcl2014. The MC of West shdaing stayed at levels above% longer until the

end of March2014. The MCs of NE sheathing had greater fluctuations and the abrupt increase in
MC started from mieMarch, peaked at about 24% at the end of March, and dried to B8k

by early Apr 2014. The MCs were able to drop to around 10% during the summer for all these
locations. The quick increase in MC in plywood sheathing during the period ¢fehido mid

March was most likely due to the availability of solar radiation and warming up of the air
temperature that allowed the moisture frozen in the wood structunelt, therefore, elevated

MC readings. It is interesting to see that the peak of MC level in plywood sheathing started from
SE followed by SW, W and NE, which is an indication of théugrice of solar availability on

different orientation of the roofing structure. The MC on SW wood truss remained below 15%
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until mid-Feh 2014, and then increased abruptly above 20% and peaked dfir2bp started
to drop to below 20% in early Mar@v14. The period of MC levels above 20% is about two

weeks.

The relative humidity and temperature profiles in attic air and outdoor measutedse I

were similar to thosan House |, therefore, the plots are not incllidtethis paperSimilar to

what have leen observed in House | (Figur&y the attic air temperature followed a similar
trend as the outdoor air and typically higher than outdoor air temperature in a rantfeNof 5
with occasions as high asR0Q especially during summer with high solar radiation due to the
thermal mass effect. During the summer time, there were also occasions with attic air
temperatures lower than outdoor air temperatures due to clear sky radratfmwinter time,

the differences were smaller withinNLO There were slightly seasonal variations in RH level of
outdoor air but generally the outdoor RH was high with an annual average of 75% and the
maximum RH can get as high as close to 100% imggnd summer time. In winter periogH
level of attic air remained above 85% and sometime reached 100%, which wersthéghthe
outdoor air. In summer peripdttic RH was significantly lower than outside RH due to the much

higher attic air temperates.

Figure 48 shows the comparison of the humidity ratio between attic air and outdoor air over the
entire monitoring period (HR difference plots for individual seasons are not included given the
profiles are gnilar to what presented in Rige 48 for House I). Similar to what have been
observed in House [, the humidity ratio in attic air remained higher than that of the outdoor air
during winter and spring time and the difference increased when the weather warmed up, while
the difference was smaller cpared to that in the summer time. During the winter time, the
humidity ratio difference was less than 2 g/kg with an average of @5wfile during the

spring time the humidity ratio difference was less than 4 g/kg with an average of 0.9 g/kg.
During the summer time, the humidity ratio difference fluctuated more with similar magnitudes
of negative and positive values (frea9 g/kg to 8.9 g/kg with an average of absolute difference
of 2.3g/kg). The bimidity ratio difference within ventilateaktic of House Il is slightly higher

than that in the attic of Houses I, which is consistettt tie measured RH level attic space

and MCs in the plywood sheathing and wood truss of House II.
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Figure4-8. Differerce in humidity ratio between attic air and outdoor air akermonitoring period from
October 2013 to Decemb2014 in House Il (KSB House).

4.1.3House Il (un-ventilated)

The hygrothermal conditions of all four attic spaces in the SIP house were moniteged. T
sensors installed in Unit A downstairs lost power, therefore, only data collected at therether th
attic spaces are analyzéd.general, there is no significant difference in RH and temperature
among these attic spaces with slightly higher RH lewelse uptairs attic space3.he

hygrothermal conditions at selected locations and attics are included in this section for the

purposes of analysis and discussion.

Figure 49 shows the comparisdretweerhourly temperature on plywood sheathing measured

on North sheathing in Unit B upstairs attindoutdoor air, while Figure-40 shows the daily

average MCs on three plywood sheathing locations and one wood truss, selected as examples for
the monitoring period from JuB013 to Augist2014. Seasonal variah in MC and temperature

can be observed during this eyear period. As discussed earlier, the difference in sheathing
temperature among different locations is not significant, therefore, only the temperatures on

North sheathin@f Unit B upstairs are siwn as an example. Similarly, in general, the sheathing

temperatures were higher than the outdoor air in a rangd sl Swith occasions as high as

25N especially during summaeime with high solar radiation.
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Figure4-9. Comparison betwedmourly temperature of plywood sheath@gdoutdoor air in Unit B of
House Il (SIP Kuse) measured during the monitgriperiod from July2013 to Augusf014.
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Figure4-10. Daily average moisture content of plywood sheathing and wood truss aégédeations in
three attics of House I{ISIP House) measured duritige monitoring period from Ju8013 to Augist
2014.

The MC levels varied between 13% and 35% on plywood sheathing and wood trusses for the
three attic spaces monitored. The MC profiles at three selected plywood sheathiongd$cmadi
one tuss location are shown in Figurel@for discussion. The initial moisture contents of
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plywood sheathing and wood truss were higher compared to those in House | and Il, at around
16% for North sheathing in Unit B upstairs, about 18% for nioutbs in Unit B upstairs and

north sheathing in Unit A upstairs in July 2013. The MC levels fluctuated with slight increase
over the winter time. The MCs of plywood sheathing and wood truss in the attic of Unit B
downstairs remained below 20% over the itaing period, similar to what is shown in leig

4.10f or n UownstairsBa &t s heat hingdo. The MCs of pl ywoc
of upstairs, both Unit A and B, all had levels above 20% for timéive months. As shown in

Figure 410, staring from midJan. 2014, the MC of North truss of Unit B and North sheathing

of Unit A gradually increased to above 20%, while a significant increase in MC started from
mid-March and MCs peaked at 29% at Unit A North shiegtand 35% at Unit B fbstairs

North truss by early April 2014, respectively. The MQUrfit B UpstairsNorth sheathing

reached above 20% by early April and peaked at 29% byAmidl The MCs at these three
locations remained at above fiber saturation level until the end of May, tharaljyatecreased

but still remained above 20% until the end of July 2014. The MC profiles of plywood sheathing
and wood trusat other locations in these twpstair®attics were similar, therefore, not shown

in Figure 410.
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a) Attic air temperature comped to outdoor air temperature.
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b) Attic air RH compared to outdoor air RH.

Figure4-11. Attic air RH/T conditions in Unit B Upstairs in House 1l (SIP House) compared to
outdoor air RH/T conditions.

Figure 411 shows the comparisaf relative humidity and temperatubetweerattic air in Unit

B Upstairs and outdoor air for the monitoring period from August 2012 to June 2014. The attic
air temperature followed a similar trend as the outdoor air and typiéghgihthan outdoor air
temperature with an average & Svith occasions as high as close tdN25%especially during
summer with high solar radiation. During the summer time, there were also occasions with attic
air temperatures being lower than outdooteinperature due to clear sky radiation. In the

winter time, the difference was withitNS There were slightly seasonal variations in RH level

of outdoor air but generally the outdoor RH was high with an annual average of 86% and the
maximum RH can get asdh as close to 100% in spring and summer time. In wpgeod RH

level of attic air remained above 90%, while in the summer time, attic RH remained above 60%
with anaverage of 75%rdm May to Augustwhich was much higher than the attic RH levels in
House | and House Il with ventilated attics.

Figure4-12 shows the monthly average indoor air temperature and relative humidity of Unit B
upstairs room as an example. The temperature and relative humidity in other rooms were similar.
The room temperaturéom July 2012 to Jan. 2013 were low with an average of abdut 12

Most likely this room was not occupied during this period. Starting from the end of Jan. 2014 the
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room temperature was raised abovdl20’he average room teregture duringhe period from
Jan.to June 2014 was 213 The corresponding monthly averaged relative humidity fluctuated

between 1% and45%.

Figure4-12. Monthly average room air temperature and relative humidity in Unit B Upsfaitsuse |l
(SIP House).

Figure 413 shows the monthly averaged humidity ratio difference between indoor and attic air,
and the humidity ratio difference between indoor and outdoor air for Unit B upBtaiieg the
period from Oct. to the end of Fethe indoor humidity ratieavastypically higher than attic
humidity ratio, which means that indoor air is a moisture source to attic by vafiasioth or

air leakage. In summer peridtthe elevated humidity ratio in attic means higher vapour pressure,
there will be reversed vapour diffusion from attic air to indoors. The average humidity ratio
between indoor and attic during the winter time was an average of 0.6g/kg, while during the
spring and summer time the humidity ratio between attic and indoor veageage of 2.5g/kg.
Similarly, during the winter timghe indoor air humidity ratio is higher than outdoor air with a
slightly higher difference compared to the moisture excess between indoor and attic, while
during the summer time the humidity ratiocaftdoor air is higher than indoor with a much

lower magnitude compared to the difference between attic and indoor.

57









































































































































































































































































































































































































































































































