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Ventilated Attics—Best Choice

= Roof sheathing dries to
ventilated attic-moisture safe

= |[nterior moisture (air leaks)
ventilated away in winter

= Low-cost high-R roofs A&
= Air sealing at ceiling critical for S0
best performance |

" (e.g., spray foam air ba
detail with sealant)
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Then Why Unvented Roofs?

= Living space built into roof

= VVented cathedral assemblies
often poor performance

= Complicated rooflines, hip
geometries—how to vent?

= Unworkable air barrier at
celling line
= HVAC In vented attic
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Why Unvented + Fibrous Risky?

= Different than walls? (6 st snngi)

=xisting Underlayment

(e.g. roofing paper)

= Moisture risks at sheathing ecusseswam

e.g. plywood)

= |nterior-sourced air leakage essatsured

to cavity openning

. . ling <o \ N\ Existing Ceiling Fir

= Vapor contributing too? _ R N T
= Zero-perm exterior (“wrong * 5 “
\ S

side perfect vapor barrier’)

® | Dense Backed fiber insulation
= Night sky radiation cooling B Cnsmaortn
= Stack effect in winter ——
= "Ridge rot” (thermal and
moisture buoyancy) "
i
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Interior ceiling

ing (gypsum
board, intumescent
paint)

N\ Interior ceili

= 2006 IRC: § R806.4/5 Unvented attic assemblies

= Minimum R-value of “air impermeable insulation”
= Actually ratio of R-values (BSI-100 Hybrid Assemblies)

* Nalil base needed with rigid foam on roof deck
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Why Fibrous Fill Unvented Roofs?

= Unvented roofs without spray/board foams could
reduce costs and increase market penetration...
IF moisture damage risks are addressed

» Retrofit opportunities (existing uninsulated living
space at roof line, without removing finishes)

'1,:"'
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Research Project
Background
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Test Hut Experimental Approach

= Climate Zone 5A test hut

= Eight north-south roof bays

= +R-50 (14-%4" framing, 2012 IECC)
= Test variables:

= Vapor retarder: variable perm vs. fixed
perm

= Diffusion vent at ridge vs.
e |

= Fiberglass vs. cellulose

= “Control” comparison § R806.4 spray
foam + fibrous

= Varying interior boundary conditions
= Winter 1: “Normal” interior conditions
= Winter 2: Elevated RH (50% constant)
= Winter 3: Air leakage into rafter bays
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Test Hut Construction

- S

= Roof bays 24" o.c.

= Guard bays between experimental bays
(“flash and blow” ccSPF + cellulose)

» Fluid-applied air and vapor barrier at guard bays
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Test Hut Construction

48

= Flash and blow bays (ccSPF shown)

» ccSPF completes air barrier between bays, wiring holes
» |nsulation netted & blown
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Test Hut Constructlon

Interlor air barrler & vapor retarder membrane

* Double tape seal (double-sided tape + housewrap
tape)
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Test Hut Construction

* [nstrumentation completion
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Test Hut Construction

= ccSPF in guard bays and walls
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Test Hut Construction
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Test Hut Construction
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= |nterior air/vapor control installed
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Experimental Ap

. _—L—_—-i 7 f- ” ] . \\
v \

e

proach: Diffusion Vent

——

= *+6 In. opening (fits under typicl dgeap)
» Cosella-Dorken Delta-Foxx (214 perms dry cup,
550 perms wet cup)
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Test Roof IDs (Winter 1)

Roof # ! Insulation | Interior VB Diffusion Vent}
1! Fiberglass Fixed perm (OC 1 perm) Yes :
2 Fiberglass ' Variable perm (MemBrain) Yes i
3 i Fiberglass Fixed perm (OC 1 perm) No I
4 : Fiberglass | Variable perm (MemBrain) No E
5 1 Dense pack cellulose Fixed perm (DuPont 1 perm) No :
6 1 Dense pack cellulose 1 Variable perm (DuPont Variable) No :
7. | Dense pack cellbse | _Variable perm (DuPont Variabk) || ___Yes __ ]
q :ccSPF + celluloie ‘ﬂash: None NG

I and blow :

= 4 fiberglass bays
= 3 cellulose bays
= 1 *flash and blow” control comparison
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Winter 1 Conclusions

» Roofs with diffusion vent & variable-perm vapor
consistently safest; ridge RHs and MCs controlled

= No diffusion vent — worst performance

* Year 1 of 3-year project; interior conditions:
= Winter 1: "Normal” interior conditions
= Winter 2: Elevated RH (50% constant)
= Winter 3: Air leakage into rafter bays

= Modifications to existing assemblies
= Winter 1 to Winter 2
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Winter 1-Winter 2 Roof Modifications

Roof # Insulation Interior VB Diffusion Vent  Short Name
) ) ,,:t

1 Fiberglass Fixed perm (OC 1 perm) o7 (3\(()35)6“11 FG-VB-DV
. . ) 99:*:

2 Fiberglass Variable perm (MemBrain) o (3825) ‘M FG-SVR-DV
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Results: Fiberglass
Roofs
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Warning on Presentation of Results

= Limited “soda straw” view of selected data

= 30 minute window to present
= Too many roofs (mental gear-shifting)
* Too many sensors (which one is that one?)
* Too many sub-experiments
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Fiberglass Roofs: Color Codes

Roof # Insulation Interior VB Diffusion Vent
r-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'”-'j:-'-'-'-
1 1 Fiberglass Fixed perm (OC 1 perm) 67300 perm =
I (Yes) I
1 > Fiberglass Variable perm (MemBrain 674300 perm ]
i g perm ( ) (Yes) |
I 3 Fiberglass Variable perm (MemBrain) 2”/£25 perm |
L 4 Fiberglass Variable perm (MemBrain) 2”/+£300 perm ¢ [

e DeSe pacK celuiose varianle perm (paront variaoe) ?ﬂ?ﬁrﬁ
6 Dense pack cellulose Variable perm (DuPonf————— =
_ Roof Short Name
7 Dense pack cellulose Variable perm (DuPonf
1 FG-VB-DV
ccSPF + cellulose
8 ¢ ° None 2 FG-SVR-DV

‘flash and blow’

= DV = Diffusion Vent

= nDV = no Diffusion Vent
= sDV ="small" Diffusion Vent (£300 perm, 2" wide)
= tDV = "tight" Diffusion Vent (£25 perm, 2" wide)
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Fiberglass Roofs: Ridge RH
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I;iberglass Roofs: Ridge Wafers
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2 Vent Roofs 1 & 2 stay drier <25% | 3 Fe-svrov

S 007 3 (tDV) soaking wet ridge
»hofs 1,2 & (DV) 20-30% MC
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I;iberglass Roofs: Ridge Wafers

45 -

~
o

wu
|

o
|

o
|

Moisture Content (%)
= RN N W W
O wu u
| | |
Temperature (C)

0 4 R'lclige Wafer MC | Exterior T | | | |
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

= Roof 3 indicates 25 perms not enougn  [roof short Name

» Roofs 1,2 & (DV) differences notclear | ...~

2 FG-SVR-DV

. (sDV) restricted, Roofs 1 VB vs SVR?| 2 Fesvetv

= All dry down in summer, Roof 3 delayed
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Fiberglass Roofs: N Sheathing MCs
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Fiberglass Roofs: N Sheathing MCs

Building America

North sheathing MCs
High-Mid-Low
Gradient of MCs

(highest near ridge,
lowest near eaves)

Much higher MCs In
Winter 2

Many over 20% at
mid-height sheathing

“Low” location still
safe (below 15%)
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Conclusions: Fiberglass

All roofs show mold indices under 3.0: would pass
ASHRAE 160... BUT Roof Short Name

Roof 3 (tDV) moisture accumulation: | V&Y
25 perms Is not sufficient for DV

Sheathing MCs above 20% when

50% RH inside: no longer an easy call

Roof 1 (fixed VB) inward drive—extended 100% RHs
on north side; might not capture worst case (ridge)

No consistent signal (small, SVR) vs.
Roof 1-2 (larger, VB & SVR)

Disassembly of ridge to look at sheathing conditions
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Results: Cellulose
Roofs
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Cellulose Roofs: Color Codes

_ : Roof Short Name
Roof # Insulation Interior VB
1 Fiberglass Fixed perm (OC 1 perm) 6 Cell-SVR-sDV
2 Fiberglass Variable perm (MemBrain) 7/Cell-SVR-DV
3 Fiberglass Variable perm (MemBrain) Z 7EZS PeTT
| O Dense pack cellulose  Variable perm (DuPont Variable) 2”/+£25 perm |
] © Dense pack cellulose Variable perm (DuPont Variable) ' 2”/+300 perm I
: 7 Dense pack cellulose Variable perm (DuPont Variable) /3((\)(0e§)em =
: 3 ccSPF + cellulose None I
“flash and blow” i

= DV = Diffusion Vent
= NnDV = no Diffusion Vent

» sDV ="small" Diffusion Vent (=300 perm, 2" wide)
= tDV = "tight" Diffusion Vent (£25 perm, 2" wide)
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Relative Humidity (%)

Cellulose Roofs Rldge RH
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= Difficult to differentiate
*» RH sensor failures: Roof 6 (2017), Roof |Short Name
" " 5 Cell-SVR-tDV
2007 5 (unrealistic data 2018), e
Roof 7 (2018) 7 Cell-SVR-DV
8/ccSPF-Cell
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Cellulose Roofs: Ridge Wafer
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= Unrealistic MCs: condensation, borate migration

» Roof 5 no data Winter 2 (unspliceable) R

» Roof 6 drier than Roof 77? 5 Cell-SVR-DV
6 Cell-SVR-sDV

= Roof 7 dries down faster (larger DV) 7Cell-SVR-DV
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Cellulose Roofs: N Sheathing MCs
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5 Building America

North sheathing MCs
High-Mid-Low
Upper: condensation
& borate migration

50% RH much more
challenging-many
over 20% MC ("Mid")

“Low” MCs safe

(hybrid) MCs
below 15%-safe

Roof Short Name
5 Cell-SVR-tDV
6 Cell-SVR-sDV
7 Cell-SVR-DV




Conclusions: Cellulose

Roof Short Name

_ (hybrid) safe through Winter 2 il SvRDvY
. -Roof 6-Roof 7: 7 Sel.SVRDV

* High RHs at sheathing (90-95% common)—
not necessarily a problem, but paying attention

» Wafers & MCs high but inconclusive (borate spreading)
= Sheathing MCs high (uncertainty-borate migration)
» Roof 7 consistently fastest to dry (largest DV)

= |nward drive sensors non-issue In cellulose roofs,
even after 50% RH winter (storage)

= All roofs show mold indices under 3.0: would pass
ASHRAE 160... BUT
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Ridge Disassembly
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Summer 2 Ridge Disassembly Work

» Fiberglass: staining, rundown, some mold spotting

+
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Summer 2 Ridge Disassembly Work

. Cellulose Worst mold settlln greater at north
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Science 2018-09: NAPHC Unvented Roofs Building America © buildingscience.com
Corporation




Conclusions and
Further Work

39
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Conclusions

Interior at 50% RH creates much more
challenging conditions: many pushing edge of risk

Mold Index #s remain below 3.0
BUT we grew mold in several roofs
Many MCs over 20% to 30%, sustained high RH

“Tight” diffusion vent (~25 perms vs. ~300 perms)
did not work acceptably

“Small” diffusion vent: smaller — less drying

50% RH pushes limits of “flash and blow” ratios—
safe storage saves cellulose roof
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Conclusions

= At 50% RH interior, these are assemblies we
“might get away with” without failure

= Consider requirements for interior conditions?
= Control interior RH to maximum %?
= Difficult to implement or enforce
* 50% RH interior increasingly likely (tighter, multifamily)

» Takeaways from the research:
= Diffusion vent good; bigger is better
= Variable perm inward drying: every chance we can get
= Hybrid roof is indisputably safest
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Further Work

= Winter 3 Operation (Proposed)
= Start at 50% RH, no air leakage
* |ntroduce air leakage in later winter (possible on/off)

= “Tight” diffusion vent (Roof 3 & ):
replacement?
* Full-size 300 perm diffusion vent (like others)
= Different variable-perm interior air barrier/vapor retarder
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Recommendations
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Recommendations

= Code-compliant (IRC § R806.5) still safest
(spray foam or exterior rigid insulation)

= Mineral fiber exterior rigid insulation is an option
= Corson/EcoCor/PH roof s \ s

sulat ion

sathing

Asphalt shingles —

Cellular PVC trim —

Wood siding

x4 furring

Two layers of 2" stone
wool insulation
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Recommendations

* Fibrous-only insulation (no exterior insulation)
roof assemblies are “off-label” (against code)

= Diffusion vent + variable-perm vapor retarder best

= Test airtightness of interior membrane
= Workmanship sensitive: project type? (e.g., public bid)
= Control interior RH—for life of building
= 20-30% RH maximum in worst of winter?
= Complete cavity fills safer
» Cellulose moisture storage capacity

= Retrofit/remediation applications?
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Recommendations

[nsulate kneeaalls and
floor if this space 15
unused (cold storage)

-~ bamer placed on the wanmn
side of the wall or caling

» Possible application to

retrofitting “short slope” of :
kneewall attic geometry ‘{3 ity L

Soffit vert exits through the gable or roof vent Soffit vent

= Eliminates “chute,” possible to /
retrofit longer runs -’

= Higher R-value In limited cavity

= Not proven by this research,
but this is “lower half of roof”
geometry (low risk portion)

» Rafter bay has “full-size diffusion
vent” to vented attic above

LIVING AREA
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Questions?

ohta Ueno
kohta (at sign) buildingscience dot com

This presentation will be posted at: https://buildingscience.com/past-events

U.S. DEPARTMENT OF Energy Efficiency &

EN ERGY Renewable Energy

Bulldin E -
AMERICA

U.S. Department of Energy
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Experimental Approach: Roof Section

GUARD BAY 1 GUARD BAY 2 GUARD BAY 3 GUARD BAY 4 GUARD BAY
FG, Fixed FG, Variable FG, Fixed FG, Variable
Perm, DV Perm, DV Perm, Perm,
No DV No DV

Fixed perm Variable perm Fixed perm Variable perm
Instrumentation wiring through conduit in guard
Prosoco R-Guard VB Air/vapor bay to limit air leakage into test bays
barrier for test bay separation
GUARD BAY 5 GUARD BAY 6 GUARD BAY 7 8 GUARD BAY
Cellulose, Celulose, Cellulose, Flash and blow
Fixed Perm, Variable Perm, Variable Perm, CCSPF +

No DV No DV DV Cellulose

]
=

Fixed perm Variable perm Variable perm
hrough conduit in guard

1to test bays

= 4 fiberglass bays
= 3 cellulose bays
= 1 *flash and blow” control comparison
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Results: Boundary
Conditions

_ 49
2018-09: NAPHC Unvented Roofs Building America © buildinascience.com



Boundary Conditions: Exterlor Cllmate
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KLWM (Lawrence MA) airport HDD data
Winter 2016-2017: 5796 HDD (89% of normal)
Winter 2017-2018: 5574 HDD (85% of normal)
KBOS weather 94% & 96% of normal
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Boundary Conditions: Temperature
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= Data collected December 2016-July 2018
= Winter 2017-2018 similar HDD, more extreme cold
» |nterior temperature held near-constant

Building
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Boundary Conditions: Relative Humidity
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12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

= Winter 1 RHs varied 25% to 45% (exhaust fan)
= Winter 2 RH 50% after early January
= Spring/Summer 2018 added dehumidifier (50% RH)

Building
Science
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Boundary Conditions: Dewpoint

77

S) =
£ £
(o] (o]
3 5
[J] [J]
0 .15 5 ©
Exterior DP —— Interior DP East Hi
-25 —— Interior DP East Low —— Interior DP West Low -13
—Interior DP West Hi
'35 I I I I I I ‘31
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= Humidification operation
= Dehumidification operation
Building 53
Science 2018-09: NAPHC Unvented Roofs Building America © buildingscience.com
Corporation




Humidification

= Humidification confirmed via direct measurement
and experience

Building 54
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Boundary Conditions: Solar

1200
Solar South
——Solar North
1000 —M—— — + — 1t 1
800 - — — B 1 ]

Solar (\W/mz2)
o
8
|

I
s

|
0
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

= Solar data primary collected if future modeling
work, correlation with events

= North solar on 8:12 roof in MA

Building 55
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Results: Fiberglass
Roofs

Building 56
Science 2018-09: NAPHC Unvented Roofs Building America © buildingscience.com
Corporation




Relative Humidity (%)

Flberglass Roofs Rldge RH

40
90
20 - 30
70 [ 20 G
60 | I
50 L 10 ‘E
40 __' LT O e T - - ﬂé.
30 . -0 2
1T-RH Ridge 2T-RH Ridge
20 3T-RH Ridlge AT-RH Ridge | H 10
10 ExteriorT _ ——24 per. Mov. Avg. (1T-RH R!dge)
—— 24 per. Mov. Avg. (2T-RH Ridge) ——24 per. Mov. Avg. (3T-RH Ridge)
0 24 per. Mov. Avg. (4T-RH Ridge) | | L 20
12/1/16 3/11/17 . 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
. hour moving average Roof Short Name
1/FG-VB-DV
= Roof 3 (tDV) & (sDV) wettest 2 FGSVR.DV
= Roof 3 (tDV) stays wet into spring 3|FG-SVR-tDV
» Roofs 1 & 2 higher RHs than Winter 1

Building
Science
Corporation
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Relative Humidity (%)

Fiberglass Roofs:

100
90

80 -
70 JitaiE

60
50
40
30
20
10

0

Ridge RH

40
- 30
- 20 ©
o
5
- 10 ®
2
o £
-0 2
1T-RH Ridge 2T-RH Ridge
3T-RH Ridge 4T-RH Ridge i L 10
Exterior T ——24 per. Mov. Avg. (1T1RH Ridge)
— 24 per, Mov. Avg. (2T-RH Ridge) ——24 per. Mov. Avg. BT_EJ-I Ridge)
24 per. Mov. Avg. (4T-RH Ridge) | | | 20
9/1/17 10/21/17 12/10/17 1/29/18 3/20/18 5/9/18 £/28/18
= Zoom in on Winter 2 Roof |Short Name
1 FG-VB-DV
= Roof 3 (tDV) RH sensor failure, wet 2|FG-SVR-DV
3(FG-SVR-tDV

= Roof 1 (VB) stays wetter in summer
* |nward drying season-constricted?

Corporation
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Fiberglass Roofs: North Sheathing RH

100 — g T
90 ¥ ﬂ", T
g0 | |
70

60 R (R
50
40 W
30

10 e = e iy e = | e————

Relative Humidity (%)

2 1N-RH Cav Ext Mid
2~ IBN-RHCav Ext Mid

RH/T Sheathing Mid

|
l e ”Zzi?é?lExteriorT
| e “f19/17 9/27/17 1/5/18 4/15/18 7/24/18
' 0 i
| ?A) Wlnter 1 Roof Short Name
' D0 all winter long LFG-VE-DV
RH/T Mid |nteric| . .
ictually drier? Sensor difference
I : :
ettest (not just local drying)
< _Buil_din; _________ 59
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Fiberglass Roofs: South Sheathlng RH

100

N A
90 ila"r !l *, l / ”I.' i{l =
= 80 | it ! l I i
s 70 o TR
T 60 - ST &
: w i N
‘% 40 I i Il l ,'lfl.
S 30 - i '
" 20 : 1 : I |
10 ——15-RH Cav Ext Mid 2S:RH CGav ExtiVid 3lRHCa\:Ext vild |
0 4S-RH Cav Ext Mid Exterior T s L1J
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= S roofs drier than N roofs (solar warming) pe—srorneme
= Diurnal variations/swings (solar gain) L Fa-VBOV
= Stable periods = snow cover
= Can't differentiate roofs (swings)
Building 60
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Fiberglass Roofs: South Sheathing RH

Relative Humidity (%)

100 40
90
80 +-4 |- 0
70 - 20 T
60 - @
=
50 - 10 ®
@
40 £
30 r0 e
20 25-RH Cav Ext Wh ol i
10 3S-RH Cav Ext Mid T 10
45-RH Cav Ext Mid
0 | Exteriolr T | | | | -20
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= 24 hour moving average RH data Roof_Short Name
1 FG-VB-DV
= Roof 3 (tDV) appears wettest 2/FG-SVR-DV
. 3|FG-SVR-tDV
» Roof 2 (SVR/DV) appears driest
Building 61
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Moisture Content (%)

Moisture Content (%)

Moisture Content (%)

Fiberglass Roofs: S Sheathing MCs

40

35

w
o

25

20

15

10 "
n

5

0

—— 15 MC Sheath Upper
45 MC Sheath Upper

iy W
= 25 MCshe thUpp

Exterior T

35S MC Sheath Upper

12/1/16
40

3/11/17 6/19/17

9/27/17

1/5/18

4/15/18

7/24/18

35

30

25

20

15

10

5

A
e
{IJ f’l | :'N‘“‘ff

0 : r.ﬂhl,f inl "

0

——15MC Sheath Mid
45 MC Sheath Mid

N .'Mp
JoT V' M“‘,L

" Z—25MCshe tth

Ex terilor T

35MC She tth

12/1/16

40

3/11/17 6/19/17

9/27/17

1/5/18

4/15/18

7/24/18

35

30

25

‘*'\ ""Wu.

—1s MC Sheath Low 7

4SMCSh ath Low .

AN W
! | “I | ‘u]l i i
1\ TN YR ,"‘\

h w_

—— 25 MC Sheath Low
ExterilorT

35 MC Sheath Low

12/1/16

3/11/17 6/19/17

9/27/17

1/5/18

4/15/18

7/24/18

= South sheathing
MCs all drier than
corresponding north
= Upper location rises
over 15% MC
» Others all below 15%
= Roof 3 (tDV) wettest
Roof Short Name
1 FG-VB-DV
2|FG-SVR-DV
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40 40
35 30
20
- 30
S 10 .
= , g
I 25 .' 0 )
c = |
3 20 | - 10 ®
o] Q
215 i - 20 g
S | " 'M \ i 1 MR 3o ©
E 10 o g . *_ .l Mw 1 -H—IJI-I—IJ j * 'I
- W ed LA ' AT W, fily )

-_— .- ; ——————— *'J'IIJHI* ‘M," h-lib-t;-i."--ﬁw 40

r MC —— 25 Int Drive Wafer MC 35S Int Drive Wafer MC -50
I

|
I RH/T Sheathing Mid ir MC Exterior T .
MC/T Sheathing Mid ' ' l T
I 46/19/17 9/27/17 1/5/18 4/15/18 7/24/18
I R
l 1fer Sensors Roof Short Name
I 1 FG-VB-DV

=l ROOFS 1 worst (fixed VB) 2|FG-SVR-DV

RH/T Mid Interi

55% MC condensation level
hot worst-case for inward drive!

Notes

Building 63
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Summertime Inward Drive

Inward vapor drlve does matter—
we were just measuring in the
Wrong Iocatlon'

"> Building 64
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Fiber

100

90

glass Roofs: Inward Drive Sensors

1!

80
70 -
60 -
50 -
40 it
30
20
10

Relative Humidity (%)

LR

35-RH Cav Int Mid

——15-RH Cav Int Mid —— 25-RH Cav Int Mid I

0
12/1/16

Building
Science
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3/11/17

Difficult to differentiate

Roofs 1 (fixed VB) appears to be worst
performer (moisture accumulation)

45-RH Cav Int Mid
6/19/17

Extc?rior T

9/27/17

4/15/18

1/5/18 7/24/18

Roof Short Name

1/ FG-VB-DV
2 FG-SVR-DV

65
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Fiberglass Roofs: Inward Drive Sensors

100 40
90
20 30
3
< 70 ﬂ . i . 20 G
T 60 | Ayt L) VY 1) e L
S Bl | | g (I | | *_I I 0 é
5 50 ¢ L o
< 40 . Ll A R o 3
-Ia b ) 0 @
g 30 - Lb'q Ay —-—---—_-\\Jk : _ -
o s Y 1 Cav IntMid : 25-RH Cav Int Mid
20 - ﬁ—f—\——ﬁwearmrmm— ) 45-RH Cav Int Mid -
W Exterior T — 24 per. Mov. Avg. (15-RH Cav Int Mid) -
10 —— 24 per. Mov. Avg. (25-RH Cav Int Mid) 24 per. Mov. Avg. (35-RH Cav Int Mid)
0 24 per. Mov. Avg. (45-RH Cav Int Mid) | . 20
1/1/18 2/20/18 4/11/18 5/31/18 7/20/18
= 24 hour moving averages, 2018 Roof Short Name
1 FG-VB-DV
= Roof 1 (fixed VB) is outlier, greater 2 FG-SVR-DV
summertime accumulation/higher RHs
= Peaks over 90% RH, brief periods
Building 66
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Relative Humidity (%)

Fiberglass Roofs: Inward Drive Sensors

© buildingscience.com

100 |'r'.' |m' NI [
a0 1N _I} | I
80 -'--|.4-'-- " 'Hjl’h :
70 " -
: | [ F i I
. (gl i |
0 | | | ﬁlxﬂ e 1) 1'ﬁ T
50 e || AR, .t Xy ,| bl[ I
40 —JTqﬂ I 1. \—,L--
g .- r‘ | -l' |
30 ‘H‘T—'JT] 1
LHETTTC W e
20 i f W| 10
10 —1N-RH Cav Int Mid — 2N-RH Cav Int Mid r 3N-RH Cav Int Mid
0 | 4AN-RH Cav Int Mid ExtelriorT 20
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= North side RH sensors
= Difficult to differentiate
Roof Short Name
1 FG-VB-DV
2 FG-SVR-DV
Building L
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Relative Humidity (%)

100
90
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70
60
50
40

30 -
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10
0

Fiberglass Roofs: Inward Drive Sensors

|

-

ﬁ U_ |
a\‘flnt M|d k—u 2N-RH Cav Int Mid
AN-RHCavintMid——
ExterlorT —— 24 per. Mov. Avg. (1N-RH Cav Int Mid)

—— 24 per. Mov. Avg. (2N-RH Cav Int Mid) 24 per. Mov. Avg. (3N-RH Cav Int Mid)
24 per. Moy. Avg. (4N-RH Cav Int Mid)

1/1/18

= North side RH sensors, 24 hour average, 2018

2/20/18 4/11/18 5/31/18 7/20/18

Roof Short Name

» Roof 1 (fixed VB) at extended 100% RH . s0oy

= North worse inward drive than ZPoSVR Y
south side-more stored moisture?
Building 68
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Fiberglass Roofs: Mold Index Calculations

* Viitanen Mold Index (time, temp., RH, substrate)
= Consistent with ASHRAE 160 Addendum e (2016)

* Mold index over 3.0 (visible mold growth 10%)
constitutes failure

* Indebted to Sam Glass/Forest Products Laboratory

Index Description of Growth Rate
0 No growth
1 Small amounts of mold on surface (microscope), initial stages of local growth
2 Several local mold growth colonies on surface (microscope)
3 Visual findings of mold on surface, < 10% coverage, or < 50% coverage of mold (microscope)
4 Visual findings of mold on surface, 10%—50% coverage, or > 50% coverage of mold (microscope)
5 Plenty of growth on surface, > 50% coverage (visual)
6 Heavy and tight growth, coverage about 100%

Building 69
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Fiberglass Roofs: Mold Index-Ridge RH

——1T-Ridge MI 2T-Ridge MI 3T-Ridge MI 4T-Ridge MI Exterior T
= I
g 2
1 N =
N4
52/1/16 3/15./17& 6/-15131/17 9/2%/17 1/5|/2I_.8 . 4/1|5/18 7/2;/_18
= All roofs 95-100% most of winter
. RH sensor failed mid March 2017

» Roof 3 RH sensor intermittent April 2018 =222
= Mold index remains below 2

1/ FG-VB-DV
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Flberglass Roofs: Mold Index-Ridge Wafer

Mold Index [-]

——1T-Ridge MI-Wafer 2T-Ridge MI-Wafer 3T-Ridge MI-Wafer
4T-Ridge MI-Wafer Exterior T
4
3
Roof/3 tDV
Roofs 3 & 4 nDV
2
1
0 ~—
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
» Calculated RH from ridge wafer MC: higher Ml #s
* Winter 1: Roof 3 & high MCs (no DV)

= Winter 2: Roof 3 “tight” 25 perm DV Roof Short Natne
= Mold index over 3 in Winter 2 (wafer)

1/ FG-VB-DV
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Flberglass Roofs: Mold Index-N Sheathing

Mold Index [-]

—— 1N Ext Mid Bay MI 2N Ext Mid Bay Ml 3N Ext Mid Bay Ml
4N Ext Mid Bay M Exterior T

4
3
2
1
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
» Higher sheathing MCs Winter 2 (50% RH)
. RH sensor was drier than 1/2/3—low Ml

= Ascribed to sensor/installation anomaly R°°f1 :2°UBN;\';‘G
= Mold index remains below 2

Building
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Fiberglass Roofs: Mold Index-Inward Drive

12/1/16

—— 1S Int Mid Bay M1
4S Int Mid Bay Ml

2S Int Mid Bay M1
Exterior T

35S Int Mid Bay Ml

FTON

fm

4/15/18

3/11/17 6/19/17 9/27/17 1/5/18 7/24/18
——IN Int Mid Bay MI ZN Int Mid Bay MI 3N Int Mid Bay MI
4N Int Mid Bay Ml Exterior T
3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
Building
Science

Corporation
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* Roof 1 (fixed VB)
only fixed perm in
Winter 2

* Highest Ml

* Ml stays below 3-
barely

* North shows higher
peaks than south

= Stored moisture?

Roof Short Name
1 FG-VB-DV

73
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Results: Cellulose
Roofs

Building 74
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Relative Humidity (%)

Cellulose Roofs: Ridge RH 24 hr. Avg

--------- 40
90 -
20 _ - 30
0 | i Ll ' ' | - 20 T
60 w
50 | | P = L UNAE ST
e ‘
o JhUl L L ot A | :
30 | | -0 &
5T RH Ridge / 6T RH Ridge |
20 7T RH Ridge 8T RH Ridge { . 10
10 Exterior T _ —— 24 per. Mov. Avg. (5T RH R?dge}
——24 per. Mov.{Avg. (6T RH Ridge)  ——24 per. Mov. Avg. (7T RH Ridge)
0 24 per. Mov. Avg. (8T RH Ridge) | | | Ty
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
. (hybrid) no issues @ 50% RH
= Roof 5, Roof 6, Roof 7 all 95-100% o TShort Nama
RH thru Winter 2 (before sensor failure) | > teoveny
6 Cell-SVR-sDV
= Roof 7 dries fastest? (biggest DV) 7jcel- SRDV

Building 75
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Cellulose Roofs: Sheathing RH North

T T e 1 “0
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£ | [ 1 S
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$ w0 | LI :
k: . o
g 30 \-"1]11“}.\‘
| m- ________ 10

RH/T Sheathing Mid

Ild Exterior T -20

/!5/19,’17 9/27/17 1/5/18 4/15/18 7/24/18

1 -100% RH most of Winter 2
«sslStained RHs than Winter 1

MC/T Sheathing Mid

RH/T Mid Interizl
Roof Short Name
own faster (larger DV) Sy
. 6 Cell-SVR-sDV
_____________ ) non-risky RH levels i
Building
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Relative Humidity (%)

30
20

goloellulose Roofs: Sheathing RH South

60 -

40 -+

40
Lo
- 30
- 20 T
irrww"w] - 10 :;;
T

10 - ey
0 —SSlRH Cav Ext Mid | | | | 20
12/1,’1_6 3/11/17_ _ 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= Drier conditions south vs. north
. . . . f Sh
= Diurnal variations (solar gain, snow) ooy
. . 6 Cell-SVR-sDV
= \Winter 2 wetter than Winter 1 2l Cell-SYR.DV
. . 8/ccSPF-Cell
= Brief excursions over 90% RH
Building 77
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Relative Humidity (%)

Cellulose Roofs: Sheathing RH South

40
90 Wi f
o 1 - 30
70 - | —
i - 20 U
60 | ! o
50 1l gy w 10 E
k w
40 1 i ddfhﬁr 5 %
“hﬁlg‘ i =
>0 | ./8SRH Cav Ext Mi Y *m
20 6S RH Cav Ext Mi ‘— -10
10 75 RH Cav Ext Mid
85 RH Cav Ext Mid
0 | Exterior T | : — -20
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= 24 hour moving average
. . - Roof Short Name
= Little differentiation Roofs 5-6-7 5 Cell-SVR-tDV
. . 6 Cell-SVR-sDV
- (hybrid) driest 7 Cell-SVR-DV
Building 78
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Moisture Content (%) Moisture Content (%)

Moisture Content (%)

Cellulose Roofs S Sheathing MCs
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r -30
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- -40
- Rl
5 ——55 MC Sheath Upper ——8BS MC Sheath Upper ——75 MC Sheath Upper F -50
0 8sMC Sheath Upper Exterior T : L 60
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
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—— 55 MC Sheath Mid —— 65 MC Sheath Mid ——75MC Sheath Mid - -0
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12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
35 - 30
- 20
30
10
25 0
20 -10
15 -20
o Wb .. .
l'"1“ m, ol II“ i WV‘M - -40
5 ha' | \-u N
—— 55 MC Sheath Mid 65 MC Sheath Mid —— 75 MC Sheath Mid -50
0 RIQ MC Sheath I\/'IldI E tPF’i(er . . . 60
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

B corporation

——r m——~— % % wE

"~ s w
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-~ w

= South sheathing MCs
= South consistently
- drier than north
= Upper MCs distorted
) by borate migration
= Winter 2 more
& challenging than
Winter 1 (even Roof
7). real risks or borate
- MIgration’? fest e

.. 0fs Building America
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Cellulose Roofs: Inward Drives

40
35 - 30
0 - 20
R - 10
= L
S 25 - 0 @
2 s
S 20 10 ®
> %
215 -20 2
2 -30 &
=10 M&M ..aumw
- : -40
> ~——— 585 Int Drive Wafer MC ——6S Int Drive Wafer MIC -50
0 | ——75Int [lJrNe Wafer MC ExteporT | | -60
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
Inward drive wafer, south
Roof Short Name
= All well below 15% MC (safe) 5/ Coll-SVRtDV
6/ Cell-SVR-sDV
7 Cell-SVR-DV
Building 80
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Cellulose Roofs: Inward Drives

40
90
30 - 30
S I
> 70 - 20 ©
5 60 | v
£ 50 Iy 10 *E
X @
.g 40 M IL. | E—
® -0 @
2 30 - ; -
20 . 10
10 ~——55RH Cav Int Mid —— 65 RH Cav Int Mi —— 7S RH Cav Int Mid
0 8S RH Interface Mid 8T RH Interface Ridge Exterior T -
12/1/16 3,’11/:!.7 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= |nward drive RH, south
Roof Short Name
= Peaks barely over 80% RH 5| Cell-SVR.DV
. . 6 Cell-SVR-sDV
» Roofs 5-6-7 all SVR interior 7/Cell-SYR-DV

Corporation
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Relative Humidity (%)

Cellulose Roofs: Inward Drives

40

90
20 30
70 L 20 T
60 @
50 1 10 *E
Q
40 - e
30 _ ] 2 A 3 B D &
20 - W 10
10 ——5N RH Cav Int Mid ——6N RH Cav Int Mid —— 7N RH Cav Int Mid
8N RH Interface Mid Exterior T
0 I I | I I I '20
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
= |[nward drive RH, north
Roof Short Name
= Peaks mostly under 90% RH 5/ Coll-SVRtDV
. . 6 Cell-SVR-sDV
= Higher than south-stored moisture? S ICell-SVR-DV
Building 82
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Cellulose vs. Fiberglass Moisture Storage

5 O

—0O—Cellulose

©—FG-0.72 PCF

—0—MF-2.5PCF

1 .+f_¢_;éﬂ

0% 20% 40% 60% 80% 100% 120%

Relative Humidity (%)

% Weight Moisture Content

» ASHRAE Fundamentals data (Kumaran, Burch)
= Moisture buffering/storage ability of cellulose
= Raw data, shown by weight, not volume (2.5x diff)

Building 83
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Mold Index [-]

Cellulose Roofs: Mold Index Ridge

5T-Ridge MI ——6T-Ridge Ml ——7T-Ridge MI Exterior T

w

[\

| _ X v._//\

0 . l
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18
. -Roof 6 RH 90-100% most of winter
. . oof Short Name
= Roof 6 RH sensor failed mid 4/2017 s,
6 Cell-SVR-sDV
. nad data 1/2018 7 Cell SVR-DV
= All mold index values below 2
Building 84
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Cellulose Roofs: Mold Index North Sheath.

Mold Index [-]

SN Ext Mid Bay MI ——6N Ext Mid Bay MI ——7N Ext Mid Bay Mi Exterior T
4 14 ML 4, SE SRR B | SR W W FH .
3 N
2
1
: o | l Qa‘/\/‘—\
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

» RH peaks 90-100% much of winter
= \Winter 2 worse than Winter 1

Roof Short Name

6 Cell-SVR-sDV

» Mold indices all below 1 el SYR.DV
= South even drier-lower risk (MI=0 typ.)
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Cellulose Roofs: Mold Index Inward Drive

5S Int Mid Bay M — 65 Int Mid Bay Mi
=75 Int Mid Bay Ml Exterior T
4 ey, 1. A W u| FEi-.
=3 £ JAHLREN
[
-
£
S
0 2
=
1
0 | | | | | |
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

* RH south side inward drive
= Not mis-plotted: max mold index 0.004

Corporation

Roof Short Name

6 Cell-SVR-sDV
7/Cell-SVR-DV
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Conclusions and
Further Work
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Vapor Retarder Alternative

40
35 B BD
20 - 20
s - 10—~
£ 25 =
[ - 0 w
2 =
8 20 A 10 ®
0 W 8
"3 15 Mﬁ - -20 £
S /"ﬂi’"l L 30 ¥
10
” .l
A A Y YT ot w40
> ——— 1N MC Sheath Upper ———2N MC Sheath Upper 3N MC Sheath Upper - -50
0 4N MC Sheath Upper Exterior T | | | -60
9/1/17 10/21/17 12/10/17 1/29/18 3/20/18 5/9/18 6/28/18
= FG North upper sheathing MC data Roof Short Name
(g ” 1 ” 1|FG-VB-DV
= Roof 3 “tight small 2 FG-SVR-DV

* Why Roofs 1 vs. Roof 2? VB vs. SVR

= SVR possibly opening up at 50% interior RH?

Corporation
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Vapor Retarder Alternative

40
35 . - 30
2 | - 20
£ p 105
g% i -0 g
c =
S 20 ’" : 10 B
$ W g
215 A [ - -20 ¢
10 W - -L-l'-’HI
Pa [ -40
5 S | W " hl"'tw::f we
—— 1N MC Sheath Mid —— 2N MC Sheath Mid 3N MC Sheath Mid - -50
0 4N MC Sheath Mid Exterior T | | | _60
9/1/17 10/21/17 12/10/17 1/29/18 3/20/18 5/9/18 6/28/18
* FG North mid-height sheathing MC Roof Short Name
1 FG-VB-DV
» Consistent pattern Roofs 1 vs. Roof 2 2 FG-SVR-DV
3/ FG-SVR-tDV
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Vapor Retarder Alternative

45 el | aft Facing e CortainTeed MemBrain

40 B— DuPont AirGuard Control == O= & DuPont AirGuard Smart (Up)

35
Qe DUPont AirGuard Smart (Dn) ©— Owens-Corning

30

Intello
25

US Perms

20

15

10

5

O -
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Relative Humidity (%)

* Vapor permeance curves (SVRs-DuPont, MemBrain)
* Intello marketing: “stays closed at higher RHS”
= Similar mid-range behavior to DuPont SVR
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Vapor Retarder Alternative

o
S O

Temperature (C)

2018-09: NAPHC Unvented Roofs Building America

40
35
g 30
=
S 25
c
3 20
L
215
D
Z 10 i ™
JM L L -40
s : W\-S“_.:- e
—— 1N MC Sheath Mid —— 2N MC Sheath Mid 3N MC Sheath Mid =
0 le MC Sheath de ﬁxteriorT : : :
9/1/17 10/21/17 12/10/17 1/29/18 3/20/18 5/9/18 6/28/18
40
35
)
§ 30 '
£ 25
g I
c
8 20
o
215
D
210 (NYPP
" F AN L -40
...... P B .
5 —— 5N MC Sheath Mid —— 6N MC Sheath Mid —— 7N MC Sheath Mid 0
0 8N IMC Sheath Mid : ElxteriorT : | |
9/1/17 10/21/17 12/10/17 1/29/18 3/20/18 5/9/18 6/28/18
Building
Science
Corporation

Temperature (C)

= Upper Graph FG:
= Roofs 1,2, 4
= CertainTeed

MemBrain, OC 1 perm

= Lower Graph Cell:
» Roofs 5, 6, 7
= DuPont SVR
= Both "Mid"” height
* Not a clear signal

Roof Short Name

Roof Short Name

1 FG-VB-DV
2 FG-SVR-DV

5/Cell-SVR-tDV
6 Cell-SVR-sDV
7 Cell-SVR-DV
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Hybrid Roofs
(ccSPF & cellulose)

92
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Hybrid Roof Interface: RH

100 [N N N N N NN W N N oA

90
- BC
80
S
' 70 N
a 2'..!
T 60
E 50 10
T
L a0
T | 0
& 30 1
20 -10
10 8N RH Interface Mid === 8T RH Interface Ridge
o 8S RH Interface Mid Exterior T .
— - s e e s e .. —‘h I I I I =L\
I 17 9/27/17 1/5/18 4/15/18 7/24/18

I-I/T Sheathing Mid

o _lons to 90-95% RH
iterior RH): 95-100% RH all winter

woeew o from interior (cellulose storage)

" ’/\Z RH/T Ridge Interface

RH/T Mid Interface
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Hybrid Roof Interface: Wafer

40
F
35 " 30
20
-é-e- 30 ‘-@" L 10
£ )1
£ 25 ; \ 0
£ “.
S 20 . pn -10
)] ¥ 3
; /!' \‘I J’\ 1" -20
E 15 !’r Y ‘!" )
0 . . -30
= 10 iwp’ W
L] -40
> -50
- — — 8 Ridge Interface Wafer MC ——— 8N Mid Ht Interface Wafer MC Exterior T
0 I I I I I I '60
12/1/16 3/11/17 6/19/17 9/27/17 1/5/18 4/15/18 7/24/18

= Winter 2 interface possibly in condensation range
= But also possibly borate contamination
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Hybrid Roof Interface: Winter 1 DP

104
|
30 } 86
T 20 - 68
o o
£ 10 N 5o B
g g
£ £
2 0 - 32 Q@
-10 14
85 Mid Ht Interface T - = = 8N Ridge Interface T —— 8N Mid Ht Interface T
50 ExtericIJrT | InteriorlDP East Hi | | 1 4
12/1/16 12/21/16 1/10/17 1/30/17 2/19/17 3/11/17 3/31/17
» Interface T (greens) & interior DP (red)
= DP is typically below interface temperature in
Winter 1
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Hybrid Roof Interface: Winter 2 DP

104
30 86
T 20 68
*E 10 - 50 ‘%
£ £
2 0 32 Q2
-10 14
85 Mid Ht Interface T - = = 8N Ridge Interface T —— 8N Mid Ht Interface T
50 ExtericIJrT | InteriorlDP East Hi | | 1 4
12/1/17 12/21/17 1/10/18 1/30/18 2/19/18 3/11/18 3/31/18
» Interface T (greens) & interior DP (red)
* Interior DP Is often greater than interface
temperature in Winter 2
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Conclusions: Hybrid Roofs

(hybrid) consistently showed low RHs

and low sheathing MCs vs. Roof Short Name
experimental roofs (1-7) 6 Cell-SVR-sDV

7 Cell-SVR-DV
At typical interior RH (30-40%),

Interface at safe conditions

At elevated interior RH (50% flatline),
accumulation at interface (interior DP > T) BUT

This assembly had no interior air barrier or
vapor control (no Class Ill VR/gypsum
board/latex paint)

Readily dried down in warmer weather
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