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ABSTRACT

In the last decade, public awareness of the greenhouse
effect has pushed the building sector toward higher energy effi-
ciencies. This move has had consequences for roofs with a
cathedral ceiling. A U-factor in the vicinity of 0.2 W/m?-K)
instead of 0.6 W/ m?-K ) became the new targetvalue. The move
toward such a low U-factor for cathedral ceilings was evalu-
ated in an extended test house program. The major objective
of the research was to find answers to the following three ques-
tions: (1) What is the impact of air ingress and wind washing
on the hygrothermal performance and durability of such well-
insulated roofs? (2) Is a vented air space above the thermal
insulation needed to prevent concealed condensation? (3) Is a
vapor retarder underneath the insulation equally efficient?

The traditional answer to questions (2) and (3) is built on
five assumptions: (1) heat is transported through all materials
by conduction only, (2) moisture moves through the materials
by diffusion only, (3) air ingress is restricted to the air space,
(4) outside air ventilation functions under all circumstances,
and (5) it always means additional drying capacity. The test
house measurements confirmed that in the cool, maritime
climate of Western Europe, air ingress and windwashing over-
throw assumptions (1), (2), and (3). Also, assumptions(4) and
(5) are not true under all circumstances. The research resulted
in the redrafting of the performance requirements for highly
insulated roofs with a cathedral ceiling.

INTRODUCTION

Until some decades ago, cathedral ceilings were an
exception in domestic construction in Western Europe. As
growing building costs made each cubic meter of volume
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valuable, the loft gradually became a living space instead of a
storeroom, leading to the conversion of the traditional pitched
roof into a cathedral ceiling.

Cathedral ceilings gained popularity at the moment the
energy crisis stressed the need for thermal insulation. In most
of those roof types, the insulation layer was installed at rafter
level, above the internal lining. In the 1970s and 1980s, recom-
mended quiltthickness did not pass 8 cm, i.e., less than half the
rafter’s height. As a consequence, an air space existed above
the insulation. In order to counter the deleterious effects of
concealed condensation, two additional rules found their way
to the building site: (1) inserta vapor barrier at the inside of the
thermal insulation, and (2) vent the air space above the insu-
lation with outside air. The second rule, especially, evol ved to
a paradigm (Hens 1992).

As energy efficiency lost part of its impetus during the
1980s, environmental concerns took over. A widespread fear
of climate change challenged governments to call for reduc-
tions in greenhouse gas emissions (IEA 1994a). One of the
measures implemented was an additional decrease in U-
factors for buildings, and 0.2 W/(m*K) became a new target
at the component level. For cathedral ceilings, this means an
insulation thickness up to 20 cm, i.e., the height of the rafters.

The challenges related to this higher insulation thickness
were at the basis of a series of field tests on cathedral ceilings.
Three questions demanded an answer:

1.  What are the consequences of air ingress and wind wash-
ing for the hygrothermal performance and durability of a
U £0.2 W/(m*K) roof?

2. Do we still need a vented airspace above the thermal insu-
lation to prevent concealed condensation ?

Hugo Hensis a professor and Arnold Janssens is a researcher at the Laboratory for Building Physics, Department of Civil Engineering,

University of Leuven, Belgium.

THIS PREPRINT IS FOR DISCUSSION PURPOSES ONLY, FOR INCLUSION IN ASHRAE TRANSACTIONS 1999, V. 105, Pt. 1. Not to be reprinted in whole or in
part without written permission of the American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc., 1791 Tullie Circle, NE, Atlanta, GA 30329.
Opinions, findings, conclusions, or recommendations expressed in this paper are those of the author(s) and do not necessarily reflect the views of ASHRAE. Written
questions and comments regarding this paper should be received at ASHRAE no later than February 13, 1999,



3. Could a vapor retarder undemeath the thennalmsulanon be
equally efficiént? =,

Other quesuons of course, also gained importanc't":‘ :

I
4. What is the durability, of tiles on roofs w1th very low U-
factors? - , i

5.. What are the optimal performance requirements for the
underlay? !

6. Whatare the risks associated w1th flawsin workmansh1p'?

This paper discusses the fleld tests and their results. The
drfferences between Western. I;uropean and Nnrlh American
cathedral ceilings are clarified, and the theory and assump-
tions at the basis of the ventilation parad1gm are presented

DIFFERENCES BETWEEN CATHEDRAL CEILINGS
IN WESTERN EUROPE AND NORTH AMERICA

In North Amerlca cathedral ceilings are covered with a
deck and finished with shingles. This resnlls ing mnf striicture
that is impervious to water vapor and mrflow Ventmg is done
by coupling an air space between the insulation and the §hln-
gled deck fo the outside. In Western Eurgpe, ropfs are finished
with an wnderlay, whereon counterbattens and laths are nailed
and tiles, slates, or corrugated plates are fixed (Redland 198%).
In general, the roofing layers are airflow and vapor permeablc.
The ungderlay, on the contrary, which is almost always
composed of overlapping. 1.2 m wide stnps may be vapor
permeable as well ;as vapor retardlng There is a further
distinction between vented and compact solutlons A vented
roof includes an air space between the thermal msulatlon and
the, underlay, coupled to the outsule through air inlets at the
gutter and,outlets at the ndge In a compact, roof the space
between the underlay and the inside :lining is completely filled
with ,mineral fiber. In both cases, however, the air layer
betlw;en the roofing and the underlay is. wind washed be it

intentional or fortuitous. Voo -

THE CLASSIC VENTILATION THEORY

Consrder a monopitch ce111ng with a length of L meter
.(Figure 1). The distance along the'pitch is y. A vented airspace
separates the thermal insulation from the underlay. The'ther-
mal resistance from: the inside to the upper side of the insula-
tion (interface 1, temperature 0y) is Ry (m?K/W); thermal
resistance from the underside of the underlay- (interface 2,
temperature 6,),to the outside is R, (mzaK/W)'. The telated
vapor reSistanee_s are Z, and:Z, (both in m/s), respectively.
Temperature and vapor. pressure at the inside are 6; (°C) and p;
(Pa), and sol-air temperature and vapor pressure at the outside
are 6%, (°C) and p, (Pa).

The average heat fluxes from inside to interface 1 (q; ;,
.W/mz) and from outs1de to interface 2 (qe 2 W/m?) conform
to.the following equations: ; |
.98 )

1 sl

9%t =R n2 X,

(1

Sy & ]

S "
Figure 1 Cathedral ceiling with vented air space:
calculation model.

- Both equations’assumé heat transfer in all layers due to
conductlon only. In the air space, conduction splits into
convection and longwave radiation. Only convection transfers
heat to the venting air. This split results in the following heat

halancuey:
CpFr(8,-6))
1/e;+1/ey-1 .
CyFr(6,-6,)

9.
Interface 1: = 1+hcl(ec_—::91)+

0%,
Interface 2:

-9, ,
E, tha®-8)+ =0 D
, _ de,
Cavity: h (68, -6) +h.(6,-8) = C'G“E

In the equations, Cj, is 108 times the Stefan Bolzmann radi-
ation constant in W/(m*K); Fris the temperature factor for radi-
ation; ¢; and ¢, are the longwave emissivities of interfaces 1 and
2; h,, and h_, are the convection surface film coefficients at both
interfaces (in W/[m2K]); c, represents the isobaric specific heat
capacity, of air (/[kg-K]); and 6, is the air temperatwre in the
cavity (°C). 'I‘he radiant heat transl' erinthe first and secend equa-
lions (third term in bolh) is linearized. The lhlrd eqmuon slates
that the air (G“ being the airflow in kg/s), wlnle crossmg ‘the
space between, the insulation and the underlay from the infet
{where i starls al the vulside lur lt,mpemluu.) o the vullel, picks
up convective heat, .Soivmg the setof eq uations (2) tor any inside
temperature, any outside sol-a1r temperature, and any airflow
gives the lempemluzes in the arr space and the lemperalures at
both interfaces 1 and 2. ' ‘

The airflow G,, in turn, is wind pressure and stack drivenl
Its magnitude depends on the:permeance coefficient a, of the

air space (in kg/[s~Pa0'j5,]): "

i
a
atm

Lsm(hx_ —T :| . (3)
2 I —

Between: brackets is the sum of the wind {pressure dtffer-
ence and the stack, effect. In the stack part,h represents the

G =(;,[4Pa + £P

-slope of.the roof, T, the harmonic mean of.the cav1ty temper

1T i s '.’l‘ s ! i
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ature, and T, the outside temperature, both in K. The term
gPJR,T,? reduces to 0.043 under normal ambient conditions.
Init, g is the acceleration by gravity in m/s?, P, the mean atmo-
spheric pressure in Pa, R, the gas constant of air in Pa-m®/
(kg'K), and T, the mean temperature along the stack path in
K. The permeance coefficient a, is defined by the sum of the
flow resistance in the air space:

- (0.625/42 40.625/4%,+ W1 " @)
The first term in Equation 4 represents the hydraulic resis-
tance of the inlet, the second term the hydraulic resistance of
the outlet, and the third term the hydraulic resistance of the
cavity.A;, istheinletand A, the outlet areain m? per runnmg
meter monopitch.

If diffusion is assumed to be the only vapor transfer mech-
anism through all material layers between the air space and the
inside and outside environment, then the vapor balance of the
air space is as follows (p,, being the densny of air in kg/m*, R
the gas constant for water vapor in Pam*/[kg-K), and 7 the
temperature in K):

PvPe P2=P. _ _Ca 4P
2 5 pRTd

dp
~621x107°G, —y )

with, as a solution,

1 (Z,+Zy)y
Pe = Pewt (Pe—P o) EXP — (6
¢ - e 6.21 x 10 6 2,7,G,
where -,
Zip,+Zp:
o B lpe 2Pi (7)

Cop™"3 +Z,

The value p. represents the vapor pressure in the
nonvented air space. In the cold season, concealed corldensa-
tion starts when, aty = L, p, cquals’ the' ‘vapor saturation pres-

sure p,, on interface 1 or the vapor saturation pressure Psar-

belonging to the lowest interface temperaturc between the air
space and the farthesgexterior hyel Both values hardly differ
from the outside vapor salurauon pressure. Asa consequence,
a safe upper threshold"for the ventifation flow fo avoid
concealed condensation conforms wnh the fellowing cqua-
tion:
"
161000(Z, + Z5)L - 4 ,
P — P ®)

7. 7.1 ( sat, e cw)

(4R

Pe " Pcoo

a,min —

Implementing (‘;a’m . in Equation 3 gives the minimum
inlet and outlet area in m* per running meter roof. In the classic
approach, Equations 8 and 3 are solved for a cold, cloudy day
with 'a probability of dccurrence once a ‘year. Only the stack
effectis considered as active foree; while the vapor resistance
of the exterior layer Z, is fixed at a high value: Independent of
B
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any calculation, Equations 7 and 8 inspired-some straightfor-

ward conclusions: .

* A ventilation flow hlgher than G,,,;, should func'tion

" ‘under all (less negative than assumed) circumstances.

*  Adding a vapor retarder at the inside diminishes the
need for ventilation..In fact, a vapor retarder brings p_.,
close to p, and G, down to zero.

e Combining ventllatlon with a vapor retarder should
reduce the risk of concealed condensation to an absolute
minimum, 4 decision that ‘may figure as an example of a

* redundant protective: measure (Bomberg and Lstlburek
d 1998) Lol n
o

Crltlclsm of Classic Ventllatlon Theory

By far the weakest point in the classic ventilation theory
is the assumption that both the inside and outside part of a
vented cathedral ceiling are perfectly airtight. Experiences
and measurements i practlce prove the opposite. Latta (1974)
already mheiifions air intrusion as a major cause of concealed
condensatlon Orr (1974) reports on attic condensation prob-
lems in electrlcally heated houses, the main reason bemg air
leakage from ihside. Rousseau (1984) stresses that'4it leakage
can lranSport 100 times as much water vapor as diffusion dogs.
Recetitly, IEA Annex 19 (IEA 1994b) noted this ‘teality in its
guidebook on insulated low-slope roof systems. Kiinzel
(1997) describes an on-site research program that confirms
airflow to be a major contributor to moisture dégradation in
sloped roofs. ASHRAE (1997) in its 1997 Fundamentals also
quotes air movement' as one of the main moisture transport
mechanisms. Evén cathedral cellmgs with a vapor retarder
happen to be Very air permeable, as was experiented durmg
damage case investigations (LBP 1981, 1994). “Air ingress
changes the hygrothermal response completely. Heat and
vapor-transfer become convettion driven. As’mentiontd by
Rousseau, the risk of concealed condensatlon increases
dramatically. R

By using a cold cloudy day as thé reference,’ léngWave
radiation is overlooked in the theory. This phenomenon may
turn the outside air into a moisture source instead of a drying
medium. Also, the assumption of a monopitch is primitive
with regard to'the way airflow.develops in real'roofs within the
air space between. the thermal insulation and the-underlay.
Some.of the simplifications are even too pessimistic. The
hypothesis, for example, that the exterior part is vapor tight
should not betrue (Jansséns .and Hens 1997):" Also hygro-
scapic ' buffering is not taken into account, as is moisture
release by self-drainage. '+ . 05 0 iy’

FIELD TESTING . ,

The field tests were started 'in 1986. A monopitch test
building with a sloped surface of 334'cm x 622 cm, 35° ftom
horizontal, facing northeast, was constructed on top of the flat
;roof covering a laboratory and divided into four fields of 163.4
cm, 147.6 cm, 147.6 cm, and 163.4 cm each, as shown in
Figure 2 [(Hens et al. 1992; Hens 1994).



The four fields, with a monopitch length of 334 cm,
contained different cathedral ceiling sections. In total, five
series of four sections each were -tested (see Table 1 [or
details). All sections had thermocouples and heat transducers
at47 cm, 167 cm, and 287 cm from the gutter along the pitch.
Detachable parts were included in-the underlay and the insu-
lation so as to match the moisture accumulation at regular time
intervals. Some sections got air pressure taps. The test build-
ing was heated with four IR bulbs of 250 W each, coupled to
a proportional temperature controller. Free evaporation from
a water surface of 1.2 m? humidified the air. Indoor tempera-
ture and relative humidity were logged in the center of the
building enclosure 1.5 m above floor level. Monitoring of the
outdoor climate included temperature, relative humidity, and

Figure 2 Test building for the mo‘n'op‘t'tcfg cathedr_;g'{,‘

o * ceilings. :
precipitation. !
: TABLE 1 “
Monopitch Sections from Outside to Inside
(FCC = Fiber Cemenl, MF = Mineral Fiber)
St:c‘lfun 1 2 3 4
Series

l. « Tiles - Tiles No part of the ventcd-compact comparison | No part of the vented-compact comparison
- Laths and Battens |- Laths and Battens
+FCC as Underlay |- FCC as Underlay
- 20 cm MF - Vented Air Space
- Polyethylene Film |- 8 cm MF
- Cavity, 22 mm _ - Paper Facing
+ Gypsum Board_ - Gypsum Board =

2. Same as series 1, lath ceiling instead of gypsum board

3. Same as series 2 the capillary FCC underlay replaced by a noncapillary, perferated, glass-fiber-reinforced foif with'a band width of
1.2 11 aud an vvetlap of 0.1 1 1., f ity i ; o9t e AT

4. - Tiles + Tiles - Tiles - Tiles 1 :
- Laths and Battens |- Laths and Battens |- L .aths and Battens - Laths and Battens’
- Foil as Underlay - Foil as Underlay + Foil as Underlay ; - Foil as Underlay
:20cm MF - +20 cm MF + 20 em MF 12 ey M- e

it - Polyethylene Film |- Latk Ceiling + Gypsum Board
- Cavity, 22 mm .

" : Lath Cejii.ng ,

5. + Tiles + Tiles + Slates « Slates
- Laths and Battens |- Laths ;\nd Battens |- Laths and Battens - Laths and Baitens
+ CFF as Underlay + CFF as Underlay - CFF as Underlay - CFF as Underlay
-20 cm MF -20 cm MF - 20 cm MF -20cm MF
- Polyethylene Film |- Gypsum Board - Polyethylene Film - Gypsum Board ~

- Cavity, 22 mm

é Gy;;sum Board

« Cavity, 22 mm
- Gypsum Board

' s
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A first series of four roofs was tested from December -
1986 to October 1987, when the inside gypsum b0a£§i linfn‘g ;
was exchanged for an air-permeable lath ceiling. The second
series started on November 1987 and lasted until November
1988, when the capillary, vapor-permeable fiber, ‘¢cement
underlay (ECC) was replaced by a vapor-retarding, noncapil-
laryfoil. Monitoring of this third series started in January 1989
and stopped in November 1989. At that moment, all roofs
except section 1 were refurbished. Series four stafted in Janu-
ary 1990 and lasted until May 1991. After'a final reconstruc-
tion of all sections. the fitth and last series: __wais monitbx’ed from

December 1991 until June 1993.

In:1995, a new test building, called the VLIET building
(see Figure 3), was constructed in an: op‘én field, close to the
Dyle River, near Leuven (Janssens and Hens 1995). This
building allows the monitori ng of six duopitch cathedral ceil-
ings, with aspanof 720 cm each, a width of 1.8 m, and a slope
of 45°. For details of the sections, see Table 2. All had ther-
mocouples, heat transducers, air pressure tabs, condensation
sensors, and moisture pins inserted at thiee héights to log
temperatures, heat fluxes, periods of condensation, arid mois-
ture content in the rafters. Inside the building, air temperature,
vapor pressure, and air pressure were controlled. The outdoor
climate is monitored in full detail close to the building, includ-

ing temperatute, relative humidity, precipitation, wind veloc-

ity and direction, and solar gains. Monitoring of the test

sections started in December 1996.

TABLE 2

(MF = Mineral Fiber)

Figure 3 VLIZT test building.

Duopitch Sections from Outside to Inside

2

- Tiles

 Laths and Battens .

. Vépor-Pems:able_Foii ;alsi Underlay
--20 cm MF ¥y
- Polyethylene Film ;
- Cavity, 50 mm, Filled witt MF '

+ Gypsum Board, Finishedw/ith Acrylic Paint

+ Tiles

- Laths and Battens

» Vapor-Permeable Foil as Underlay

.20 cm MF o

- Cavity, 50 mm, Filled with MF

- Gypsum Board, Finished with Acrylic Paint

- Tiles | - ‘

- Laths and Battens

- Bituminous Underlay" '

- Vented Air Space, 5 cm

<15 cm MF ‘ '

- Polyethylene Film

- Cavity, 50 mm, Filled with MF
- Gypsum Board, Finished with Acrylic Paint

5

6

- Tiles

» Laths and Battens

» Bituminous Underl~y

- Vented Air Space, 5 cm

- 15cm MF

- Cavity, 50 mm, Filled with MF

+ Gypsum Board, Finished with Acrylic Paint

No Part of the Vented-Compact Comparison

No Part of the Venicd-Compact Comparison

CH-99-11-3




RESULTS

Test Series 1, 2, and 3, Monopitch Cathedral Ceilings

Series 1,2, and 3 had as their main objective comparison
of the hygrothermal response of a compact cathedral ceiling
with airflow and vapor retarder on the inside, called section |,
with a vented cathedral ceiling, called section 2. Section 1 had
a clear wall U-factor of 0.15 W/(mz-K) and was composed as
follows (from inside to outside): gy psum board internal lining
(exchanged before series 2 started for a lath ceiling), air space
of 2.6 cm, 0.2 mm thick polyethylene foil as airflow and vapor
retarder, 20 cm of medium-weight mineral fiber (called MF in
Table 1), 3.2 mm thick fiber cement underlay (called FCC in
Table 1 and exchanged before seri€s 3 started for a plastic foil
underlay), counterbattens, laths, and tiles. Section 2, with a
clear wall U-factor of 0.4 W/(m?K), included (from inside to
outside): gypsum board internal lining (exchanged before
series 2 starled for a luth ceiling), 8 em of medium-weight
mineral fiber with paper facing, 12 cm high vented air space,
3.2 ntnne thick fber ceinent undedbey (exchanged belore seies
3 started for a plastic foil underlay), counterbatiens, taths, and
tiles. The successi ve three test series allowed evaluation of (1)
the difference in behavior between a vapor-permeable, capil-
lary FCC underlay, which should minimize concealed conden-
sation, and a vapor-retarding, noncapillary plastic foil

underlay (series 1 vs. series 2), and (2) the effect of an airtight,
vapor-permeable inside lining—gypsum board—in compari-
son with a less vapor-permeable but more airflow-perineable
inside lining, a lath ceiling (series 1 and 2 vs. series 3). Work-
manship in the compact section 1 was optimal. Instead, the
vented section 2 was.an exemplary case of normal workman-
ship, with all flaws typical for daily building practice: paper
facing of theinsulationnot overlapping at the rafters, quilts not
covering the whole surface, etc.

Climate. Figurc 4 gives thc monthly average indoor and
outdoor temperatures and vapor pressures and total precipita-
tion outside. The outside climate is cool, humid, and wet. The
difference in inside-outside vapor pressure (Pa) totaled:

Scrics 1: Ap,, =348 996,

Series 2: Ap;, =469 -12.56,

Series 3: Ap;, =824 -3940,

’ This sﬂbws that durir‘lé series 1 and 2 the inside climate

could be quoted as rather dry, while durmg series 3 it was more
humid. ‘These difterences should be compaxed ‘with the aver-
ageand 90% percenule measured ina mtal of 20 inhahited loft
spaces (vapor pressure difference in Pa):
—134 49.4.0, +51.26
90% percentile: Ap;, = 108 —49.4 6, + 51.2 6

Average: Ap;, =
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F igure 5 Average winter temperature ratios in the two sections durmg series 1. The htghest values represent the inside
surface, the lowest to the outside suﬂ“ace Lines in between relate to the following interfaces: for section 1 (from
lowest to hzghest) underszde of the tiles and topside of the underlay, topside of the internal tining; for section 2
(from lowest to highest), underside of the liles, lopmle of the underlay. underside of the underiay, lopszde of the
msulatzon understde of the msulatzon topside of the internat lining, underside of the internal lining.

For 18°C inside, the average and the 90% percentile
become 787 —49.4 6, and 1029 - 49.4 6, respectively, under-
lining that the values for the test house are realistic.

Thermal Response. Figure 5 shows the average winter
temperature ratios measured in sections 1 and 2. Temperature
ratios are defined as: S

: 0,-06
fy = 9__ee . ®

with 0, the temperature in the point z:onsidered, 6, the inside
and 6, the outside reference temperature. f, is a dimensionless
temperature. While the results for section 1 (with a somewhat
lower inside lining ter‘hperature at the bottom than at the top,
amid-height temperaturein between, and an underlay temper-
ature a little higher at the top than at the bottom) suggest some
air rotation around the insulation, rotation in section 2 is obvi-
ously present. Not only is the inside lining temperature at the
bottom much lower than at the top, but the underlay temper-
ature is also significantly higher at the top than at the bottom.
Air from the vented space and outside air both protrude under
the insulation, partly by stack effect and partly by wind, pres-
sure differences. Also, section 1, as section 2, suffers from
undercooling of the tiles. The temperature ratio measured on

top of the tiles on a winter average basis is, in fact, lower than: .-

the outside reference temperature (f‘.- negative). ,

The consequences for the insulation quallty are\qmte '
negative. In section 2, local winter heat loss inside amounts to
0.87 W/(m -K) at the bottom, 0.34 W/(m -K) in the middle;
and 0.56 W/(m?>K) at the top instead of a uniform 0.4 W/

(m%K), the clear wall U-factor of the section. On avefage;a

loss of 0.6 W/(m?K) is noted, 50% higher than the 0.4 W/
(m%K) expected. At the underlay, the apparent thermal perfor-
mance looks better, with an average of 0.37 W/(m*K), ie.,

CH9911 3

lower than the clear wall value. These differences in average
U-factor between the underlay and inside confirm that exterior
air protrudes under the insulation layer.

In series 2, with the airflow-retarding gypsum board
replaced by an air-permeable lath ceiling, heat loss changes.
‘An average of 0.43 W/(m?K) is noted at the inside lining in
section 2. The underlay now, gives 0.4 W/(m?K). The main
cause for that diffcrence with series | is additional air intrusion
from inside, which is also suggested by the winter average
temperature ratios (see Figure 6). The inside lining stays
fwannef in series’ 2 thai in seriés 1. Siffultaneously, more
undercoolmg is noted, an explanation for this being the drier
serles 2 winter. The switch in series 3 from a vapor-permeable,
caplllary underlay to a vapor-retarding, noncapillary underlay
had no consequences for the thermal response.

Moisture Response. Moisture analysis concentrated on
concealed condensation under and in the underlay, moisture
ingress in the counterbattens and laths, and wetting of the
water-repellant and non-water-repellant tiles. During series 1
and 2, moisture content in the vapor-permeable, capillary
underlay increased in winterand decreased in summer for both
-sections 1 and 2 (see Table 3).

In none of the sections, howe ver, did accumulation pass
the hygroscopic range, while the values measured showed a

. net correlation with the underlay temperature—the higher this
was, the-lower the maximum moisture content was. Ventila-
tion, of the air space between the insulation and the underlay
did not have a significant influence.

After the vapor-retarding, noncapillary foil was installed
between series 2 and 3, things changed completely. Figure 7
shows the weeks during the one year of testing when droplets

-+ wereinoted under the foil. Whilesthe underlay of section 1

suffered. from droplets the first winter only, as a consequence
of the condensation of moisture that entered the roof during

7
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Figure 6 Average winter temperature ratios in section 2
during test series 1 and 2, a comparisoh. The
dots represent series 2, the .stars series 1. The
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interfaces: underside of the tiles, topside of the
undcrlay, underside of the underlay, topside,of
the insulation, underside of the insulation,
topside of the nternai iimng, underside, of ifie
internal lining.

TABLE 3
Moisture Content and Relative Humidity in the
Vapor-Permeable, Capillary Fiber, Cement Underlay
During Test Series 1 and 2

(Capilla~y Moisture Content: 320 kglm") -

underlay refurbishment, ‘section 2 shows abundant droplet
formation during the second as well as the first winter. Venting
the air space above the insulation clearly does not prevent
concealed condensation from occurring. This was also illus-
trated by thé weight changes between summer and winter in
the loose parts in the underlay (see Table 4). The restricted
moisture deposit in section 1 is mainly caused by migration,
during the winter, of hygroscopic moisture from the rafters up
to the underlay. In section 2, instead, where winter deposit is
much higher, the minimum at the top confirms the existence of
buoyancy-induced air rotation around the thermal msulatlon
resulting in a stream of warm air that hit the underlay there. '

TABLE 4
Maximal Moisture Deposit Agalnst the Underlay in

Winter During Test Series 3 (n-kg/m?)

Section 1 Section 2
Bottom | Middle Top Bottom | Middle Top
0.380 0.320 0.330 0.615 0.672 0.353
Thewet wintsr-duning test series 1 Hamgd.fied thetimber

laths intcnsively. Moisture ratios, measured with electrical
resistance pins, gave 80% by weight at several intervals. The
problem was less pronounced during the drier winters of test
series 2-and 3, when moisture ratios went down to values just
above 20% by weight. Moisture above 20% may induce
severe fungal attack in the laths. .

i During all three test serits, the non-water- repellent tiles
underwent a winter/summer moisture transieént. They tumed
wet in autumn, stood wet the whole winter at a moisture
content close to capillary, and dried in the spring, In summer,
they changed from dry to.wet according to the rhythms of the
rainfall. The Water-repellent tiles instead picked up some
moisture in autumn and winter but dried in summer. Under-
cooling was responsible fur the wel winter situation. As
noticed -4bove, undercooling keeps the winter average tile
temperatures not only below the oufside air temperature but
also below the outside dew-point temperature.

‘Durability. During series 1, 2, and 3, the durability anal-
ysis focused on the temperature extremes in the tiles and the

1 12

Section 1 Section 2
Series
Winter Summer Winter Summer
1w 161 kg/m® | 132kg/m’ | 139 kg/m® | 100 kg/m®
RV 98% 94% 95% 89%
Temp. —-0.015 0.06
2.w 195 kg/m® | 150 kg/m® | 141 kg/m® | 101 kg/m®
RV >99% 96% 95% 89%
Temp.
Month
S1 | top
middle
bottom
S2 |top
middle
bottom

i

Figure7 Condensationdroplets underneaththe underlay foil durtng sertes 2. Gray represents the weeks when droplets were

noted.
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frost/thaw cycles they underwent. Thehighest tile temperature
noted in summer for section 1 was 57.4°C and 52.6°C for
section 2. Undercooling extremes were 5.9°C below air
temperature for section 1 and 5.7°C below for section 2. The
number of frost/thaw cycles is summarized in Table 5. Appar-
ently, the number of cycles in the tiles is higher than in the air.
However, as far as both durability aspects are concerned, the
two sections behave in a similar manner. i

TABLE 5 , 0
Number of Frost/Thaw Cycles in Sections 1 and 2
in Relation to the Number of Days with a Temperature
Below Zero During Test Series 1, 2, and 3

Series SRSt Section 1 Section 2
Days
1 37 62 69
2 3 9 8
3 11 16 15

Series 4 and 5, Monopitch Cathedral Ceilings

Series 1, 2, and 3 showed that vented cathedral ceilings,
constructed according to “normal” workmanship, bring no
benefit for the hygrothermal response in humid, cool climates.
Therefore, the vented section was abandoned in series 4.
Section 2 and section 3, which were not part of the compact vs.
vented investigations during test series 1, 2, and 3, were refur-
bished as compactroofs with the:same insulation thickness as
section 1.:Neither section 2 nor section 3, however, got: an

g

airflow- and vapor-retarding polyethylene film underneath the
insulation. Instead, section 2 was finished with an air-perme-
able groove and tongue lath ceiling and section 3 with an
airflow-retarding, vapor-permeable gypsum board. In* both
cases, workmanship was very good. Section 4, which was also
used for other purposes during test series 1, 2, and 3, figured
as an extreme case now, with no internal lining, no airflow and
vapor retarder, and poor workmanship. Series 1, 2, and 3 had
aclear wall U-factor of 0.15 W/(m?K), and series 4 had a clear
wall U-factor of 0.22 W/(m2-K). Workmanship in section 1
remained optimal.

Series 5 continued testing of compact ceilings. All
sections were completely refurbished. In section 1 and 2,
glazed ceramic tiles replaced the existing ones. Section 1 also
got a vapor-permeable, capillary fiber cement underlay, 20 cm
of fiberglass, an airflow- and vapor-retarding polyethylene
foil, a small cavity on the'inside, and a gypsum board internal
lining. Section 2 was identical, exceptforthe airflow and vapor
retarder. The only difference between sections 3 and 1 was the
roofing—slates instead of tiles: Sectiofn 4 was a copy of section
3 wit‘hout the aifflow and vapot retarder. Workmanship in the
four sections was less perfect than it was in the compact section
1 of series 1,2, 3, and 4. At the top, a leak was left in the poly-
ethylenefoilandthe gypsumboard. Inthefoil, the incision was
retaped as well as possible before mounting the inside lining.
The leaks in the internal lining, on the other hand, remained
uncaulked.

Climate. Figure 8 shows the monthly average inside and
outdoor temperatures and vapor pressures plus the precipita-
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Figure 8 Indoor and outdoor climate during series 4 and 5.
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tion outside. The difference in inside-outside vapor pressure
‘was: : :

Series 4: Ap;, =724 - 28.4 6,

Series 5: Ap;, =524 +5.16 6,

- During bothi series, the inside climate was rather wet,
although still in line withrthe values measured in inhabited loft
spaces. o

Thermal Response. During series 4, the average winter
temperature ratios in section 1 were comparable ‘to those
measured in series 1, 2,'and ‘3. Figure 9 gives the average
winter temperature ratios in sections 2 and 3. In section 2,
temperature ratios shift to higher values than in section 3. This
underlines that buoyancy-induced (low around the theuual
insulation is only one of themechanisms that deteriorate ther-
mal performance. Section 2, with its air-permeable lath ceil-
ing, also suffers from air intrusion fram inside more than
section 3 does with its airtight gypsum boatd ceiling. Section
4 showed extreme behavior, with a very active air exfiltration
at the top and infiltration at the bottom of the pitch.

During series 3, the impact of the ieaks on the temperature
profile was quite pronounced.for the sections without poly-
ethylene foil, as illustrated by Figure 10. Again, some buoy-
ancy flow around the insulation develops. In section 2,
however, airintrusion frominside through the leak dominates.
The winter average heat fluxes underline that reality. In
sections 1 and 3, both with some leakage in the airflow and
vapor retarder, a small differénce exists between the’ ﬂuxes at
the inside lmmg_and those along the underlay (see Table 6).
Hence, even those small differences suggest the insulation in
both sections to be wind washed. from top 10 bottom. [n
sections 2 and 4, however, the flux is significantly higher at the
underlay than a1 the inside lining. Moreover, in section 2, the
one with the tiles, the underlay flux peaks at the 1op of the
pHch.

Air Intrusion. A sgparate study mapped the air lransporl
in the Four sections during series 5. For that purpose, a two- -day
CFg tracer test was conducted. The [irst four hours, the racer
was injected in the test building at a constant rate and the
concentrations inthe building and all four sections werc logged.
Tracer concentration increased rapidly insections 2 and 4, both
conslructed wuhout airflow retarder, to reach a constant value
that was hardly different from the concentration in the test
building. In scctions | and 3, instead, concentration buildup
progressed slowly atthe bottom, whileatthe top an'equilibrium

wasreached quickly, albeitat a concéntration below the one in
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Figure Y Temperuture rativs in sections 2 (sturs) und 3
"(dots) during series 4. The highest values
represent the inside surface, the lowest to the
outside surface. Lines in beiween relate from
lowest to highest (o the following interfuces:
underside of the tiles and topside of the underlay,
topside of the internal lining. The in between
valuee qovw tadeon at half the thickneec nf the

thermal insulation.
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Figure 10 Temperature ratios in sections 1 (stars) and 2

(dots) during series 5. The highest values
represent the inside surface, the lowest (o the
outside surface, Lines in between relate from
iowest 1o highest to the following interfaces:
underside of the tiles und topside of the underlay,
topside of the internal lining.

]

TABLE 6 =
Winter Average Meat Fluxes in Seclions 1, 2, 3, and 4 During Test Series 5 (Wlm2)
Section 1 ' Séction 2 " Section 3 Section 4
Series § . S
] Bottom | Middle | Top . | Bottom | Middle | TFop | Bottom |Middle | - Top | Bottom,| Middle Top .
Underlay 23 15 3.0 2.0 23 26 2.7
Inside 1.8 2.0 2.0 2.5 2.5 2.0
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the test building. The results showed that ventilation in the test
building reached 5.2 hl, a flow of 84 m? /h. Of this 84 m3/h,
2.4m3/h was exfiltrated through sections 2. and 4. Simultaneous
wind washing in both sections was responsible for an airflow
between the underlay and inside lining of some 0.5 m’/h. At
the leak in section 3, outside air washing was two times as
importantas theexfiltration flow. Insection 1,instead, the ratio
between exfiltration and outside air washing scattered around
4to 1.

During the second four hours, tracer was injected at the
bottom of section 2, under the insulation. Matching the tracer
along the pitch revealed a slow concentration increase in the

middle-and at the top. Concentration just under the underlay,
however, remained very low. Apparently, infiltration and
exfiltration act simultaneously with wind washing. The next
day, the tracer was injected directly under the tiles and slates
and logged along the pitch at both sides of the underlay. Two
conclusions could be drawn from the results. First, ventilation
under the tiled and slated deck is a fact, even when no specific
venting features are present. Second, wind washing brings
tracer into the section, even as far as below the thermal insu-

lation. .

Moisture Response. Moisture analysis included
concealed condensation underneath and in the underlay and

Month 1 3

S1 |top
middle
bottom

S2 |top
middic [
bottom

§3 |[top |
middle ¢
bottom [

S4 |top ‘
middle |
bottom -

Figure 11 Condensation droplets underneath the underlay foil durmg series 4. Gray represents the weeks when droplets were

noted.
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S2 |[top

middle
bottom
S3 |tdp
middle
bottom

S4 |top .
middle
bottom

Figure 12 Condensation droplets underneath the FCC underlay fozl durmg sertes 5. Gray represents the weeks when

droplets weye noted. 3 T
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TABLE 7
Maximal Moisture - Deposn Under and In the Underlay at the End of the Winter

' During Test Series 4 and 5 (kg/m?) -

Section 1 Segon 2 eation. 3 Section 4
£ Reference LD D DL No Inside Linin,
Series v Lath Ceiling Gypsum Board P e
Bottom | Middle ‘Top: | Bottom | Middle Top ; | Bottom | Middle Top Bottom | Middle Top
4, Foil 0.82 0.94 1.12 5.03 4.10 494 4.66 3.41 4.24 3.96 6.65 8.65"
Insulation P B Lt l .00 5
Section 1 ! Section 2 Section 3, ‘ . Sectlon 4
Series PE Film, i No, PE Film PE Film No PE Film
Bottom | Middle | AT'op Bottom | Middle Top Bottom | Middle Top | Bottom | Middle Top
5, FCC 0.34 0.32 '0.80 0.59 0.80 1.40 0.33 0.43 0.55 058 0.54 0.92.
Insulation 0 0 , 039 1.9 B0, 0.86 0 0.21 0.27 0.84 0.49 0.81

welting ol raflers, laths, and tiles. Figures 11 and 12 show (he
successive winter weeks within test series .4 :and S during
which droplets were noted underneath the underlay (foil and
FCC) Tahle 7 scummarizes maisture. depagit in the. underlay
and the insulation at the end of each Wwinter. Deleting the
airflow and vapor retarder, as was done in sections 2, 3, and 4
of scries 4 and sections 2 and 4 of series 5,is a negatlve deci-
sion. Abundant condensation is the consequence The quanti-
tics measurcd during scrlcs 4, however, do not cortclate with
the vapor permeance ol the inside lining, which is six times
lower for (he lath ceiling of section 2 han t'or the gypsum ceil-
ing of sectiop 3 (K, = 2.15x18° 10 sm vs. K= 1.3%10°% s/m).
Most moisture éondenses in sccuon 2. Appment[y, the higher
air pemwanceol. the lath cellmg(i{—4 1107 AP, 0¥ g/m vs.
3.1x16° AP AP, 02 o/m for the gypsum board) causes more
concealed condensation. On the ‘ether hand, flaws'in’ work-
manship, such as leaks, substantially diminish retacdér effi-
ciency. Compare fof 'that purpose ‘section 1, séries 4, with
sections 1 and 3, serles 5. The difference in‘moisture response
is striking—neither droplets nor moistute' déposits in section
1, seiies 4; and nét only droplets but“also more moisture
deposit near the leaks in sections 1'and 3, seri¢s 5. '‘Also, a
vapor-permeable, capillary underlay does not exclude droplet
formation in roots without airflow.and vapor, retarder and
leaks in the inside lining,as shown by sections_2’a_nd 4, series
5. o ' -,

-+ During hothtést series, laths picked up moisture to alevel -

that «could induce serious fungal attack. Moistiire content in
the tiles reflected the same periodiclty as.seen during seties 1,
2,and 3. The water-repellent tiles, however, slowly lostpart of
their repellency Glazed tiles, instead, _dried ‘only partially

during summer, and slates got wet by undercoohng, rather -

than. by prec1p1tat1on : # i wnk i

Durability. The' hlghest 'summer témperatures, under-
cooling effects, and frost/thaw cycles noted in the tiles, the
slates, and the air were in line with the results of series 1, 2, and
3.

12

Sé'ries 6, Duopitch Cathedral Ceilings

o Monopntch ceilings are not as common as duopitch ceil-
mgs Wthh is why they were tested in the new test building.
1‘\! lIlU pwscm Lllllﬁ, bl)& scu uuus Wllll UQU 4 VV/UH l\) ale
under scrutiny: two vented, two compact, one prefab, and one
retrofit. One of the two vented sections and one of the two
compact seetions has an airflow and vapor retarder underneath
the thermal insulation, and the other two do not. In both
compact seclions, a vapor-permeable undcrlay is used. ‘l'he
vented sections have instead a vapor- -retarding underlay.
After one year of testing, most of the conélusions for
monopitch ceilings were: confirmed. Wind washirig and air
intrusion are the major problems. Wind washing makes the
thermal ,resistance wind-dependent. Venting.the .air space
between the insulation and the vapor-retarding underlay does
not turp.the hygrothermal performgncee. from problematic to
gorrect. On ‘the contrary, the two vented sections suffer more.
from undercooling-related condensation than the compact
sections do. SFg tracer testing, showed that when wind-driven
vept11at1on Prevalls the largest part, of the veqtllatlon flow
passes from the southwest to the northeast pitch. Only when
stack flow overcomes w1nd dr1ven vent1lat10n a1r|1s sucked in
at the eaves and released at the rldge This short c1rcu1t
between the two p1tches allows the vent1lat10n air to plck up
mO!bILIIe at the wa.rmer southwest s1de ‘and’ depos1t it at the
cooler nonheast Slde

Ve
Bl W

CONCLUSIONS -

This research started with three questions: (1) What are
the consequences of air ingress and wind washing for thé’
hygrothermal performance and durabitity of hi ghly insulated
cathiedial teilings? (2) Du we still ueed a 'vented ai space
above the thermal insulation to prevent concealed condensa-
tion? (3) Could a vapor retarder tnderneath thé insulation be
equally efficient?

Test series 1, 2, and 3 on monopitch ceilings gave part of
the answer for humid, cool climates. The airflow and vapor-
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retarding, highly insulated compact section 1, with good
workmanship as one of its characteristics, showed satisfactory
hygrothermal behavior—there was only a marginal presence
of buoyancy flow around the insulation and no harmful
concealed condensation. The vented section 2, with workman-
ship in accordance with normal practice, did not behave in an
acceptable way—there was important'buoyancy flow around
the insulation, intrusion of outside air underneath the insula-

tion, a significant increase in the equivalent U-factor, and,

unacceptable concealed condensation when a vapor-retarding,
noncapillary underlay was used. Test series 4 and 5 completed
that picture. A compact section functions ina correct way only
when airtightnessis guaranteed. Different modes of airflow
must be considered, not oniy infiltration and exfiltration but
also wind washing and buoyancy-induced air rotation around

and in the insulation. These airflow modes act simullaneouslyi,

In search for solutions, installing anairflow and vapor retarder
at the inside does not suffice. An underlay open to wind and
insulation mounted in such a way that air rotation is favored
should also be avoided. Furthermore, lack of airtightness is not
fully compensated by a vapor-permeable, capillary underlay.
Although performance is better than with a vapor-retarding
foil, concealed condensation with droplet formatjon'remains a
proBlem. Also, compact roofs demand good workman"ship_‘.
Flaws, such as air leaks in the retarder, may influence the over-
all hygrothermal response in a very negalive way. Finally,
airtightness is not all that is required. Correct'vapor resistance
is also nceded.

Now for the answers: (1) The consequernces of air ingress
and wind washing for the hygrothermal- performance and
durability of well-iitsulated cathedral ceilings are very nega-
tive; there is worse thermal performance, problematic maois-
ture response, and degraded durability. (2) A vented ait space
above the thermal insulation is not effective in humid, cool
climates for preventmg concealed condetisation; it may even
be negative in the.sense that the ventmg paradlgfn weakens the
attention for'the really relevant performances and related good
workmansh1p—av01dmg exfiltration by applymg an effective

airftew barrier, minimizing wind washing by using an under-v

lay with taped overlaps, and excluding air rotation arouncl and
in the insulation by applying a full fill betwecn the alrﬂow
retarder and the underlay. (3) A vapor retarder is only efficient
if airtightness is guaranteed. It works well on the condition that
its vapor resistance accounts for the expected inside climate.
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