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ABSTRACT

A clay roof; several concrete tile roofs, and one conventional direct-nailed shingle roof were installed on a fully instrumented
attic test facility operating in east Tennessee’s climate. The roof tiles were attached to batten and counter-batten systems and also
fastened directly to the deck to observe the benefits of the venting occurring between the roof”’s sheathing and the profiled tile.
Roof; attic, and deck temperatures and heat flows were recorded for each of the tile roofs and for the attic cavity covered with
a conventionally pigmented and direct-nailed asphalt shingle roof. The data were used to benchmark a computer tool for simu-
lation of roofs and attics and the tool used to develop an approach for computing an equivalent seasonal R-value for sub-tile vent-
ing. The approach computed the heat flux through the ceiling of the direct-nailed shingle roof and also the flux crossing the ceiling
of a ventilated tile roof. The load for the shingle roof and attic was made equivalent to the load crossing the ceiling of the tile
roof and attic by modifying the amount of ceiling insulation for the shingle assembly until both attics had the same annual load.
The added R-value equates to the effective annual thermal resistance for the tile roof having different combinations of surface
radiation properties (cool color pigments) and or building constructions. Therefore the direct nailed shingle roof served as a
control for estimating the equivalent thermal resistance of the air space. Simulations were benchmarked to data in the ASHRAE
Handbook—Fundamentals for the thermal resistance of inclined and closed air spaces.

INTRODUCTION

The venting of the underside of roof tile provides thermal
benefits for comfort cooling. Residential roof tests by Beal and
Chandra (1995) demonstrated a 45% reduction in the daytime
heat flux penetrating a counter-batten tile roof as compared to
a direct nailed shingle roof. Parker et al. (2002) measured an
8% reduction in annual cooling load for a home with terra cotta
barrel-shaped tile as compared to an adjacent, identical foot-
print home with asphalt shingle roof. These reported energy

battens or attached to double-battens. For double-batten
construction, wood furring strips are laid vertically (soffit-to-
ridge) against the roof deck and a second batten running paral-
lel to the roof’s ridge is laid horizontally across the vertical
counter-battens (Figure 1). The bottom surface of the inclined
channel is formed by the sheathing (oriented strand board
[OSB] deck) and 30# felt paper placed on top of the sheathing.
The underside of the roof tiles establish the upper surface of
the inclined channel, and the tile overlaps are designed to be

savings are in part attributed to the venting that occurs on the
underside of the roof'tile, although it is difficult to quantify this
benefit.

The reduced heat flow occurs because of a thermally
driven airflow within the air gap formed between the tile and
the roof deck. The thickness of the air space depends on the
construction practice whether laid direct-to-deck, fastened to

air porous to allow pressure equalization and reduce the wind
uplift on the tiles. The airflow in the inclined channel is driven
more by buoyancy than by wind-driven forces because build-
ing codes require fire stops be used to block any path for poten-
tial burning embers to enter the inclined channel. The air gap
also provides an improvement in the insulating effect of the
roof system. However, measuring and correctly describing the
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Figure 1 The attachment of tile (a) direct-to-deck, (b) mounted on battens, and (c) mounted on double-battens.

heat flow within the cavity of a tile roof is a key hurdle for
predicting the roof’s thermal performance.

IECC (2012) and ASHRAE 90.2 (2007) do not directly
address sub-tile ventilation. Title 24 of the California Energy
Commission (CEC 2008, Section 152) specifies that steep-
slope roof products with a density of 5 pounds per square foot
or more shall have a minimum aged solar reflectance of 0.15
and a minimum thermal emittance of 0.75 in all California
climates. The CEC allows several exceptions for the solar
reflectance and emittance requirements, and two of the excep-
tions are pertinent to work described herein:

1. Exception granted if insulation with a thermal resistance
of at least 0.85 (h-ft>-°F)/Btu [0.15 (m?-°C)/W] or at least
a % in. (0.02 m) air space is added to the roof deck; or

2. Ryg3 (Rg0.53) or greater roof deck insulation is
placed above the vented attic (exception applicable for
climate zones 10, 11, 13 and 14).

A combined experimental and analytical study therefore
documented the effective annual thermal resistance of the
inclined and opened air space formed by clay and concrete tile
applied direct-to-deck, applied on battens, and applied on
double batten systems. The batten and double batten assembly
were studied to determine added benefit for elevating tile off
the roof deck and to also assess systems that would provide a
free flow path between the tile and the roof deck (see Penning-
ton comment on blockage in air space made at CEC workshop
[Peters, 2006]). Tile roofs were selected having high-,
medium-, and flat-profiles.

TILE ROOF AND ATTIC TEST STAND

The experimental portion of the study included testing of
attic assemblies on the Envelope Systems Research Apparatus
(ESRA). All attics were equipped with heat flux transducers
(HFTs) embedded in the roof deck and in the attic floor. A Fox
670 heat flux apparatus was used to calibrate each HFT in a
guard made of the same material used in construction to
correct for shunting effects (i.e., distortion due to three-dimen-
sional heat flow, ASTM [2006]). Salient features of the ESRA

and instrumentation details of the roof and attic assemblies are
provided by Miller (2006). A commercially available asphalt
shingle with a solar reflectance 0f 0.093 and thermal emittance
of 0.89 (SR10E89) served as the control for comparing the
thermal performances of the prototype roof systems. Solar
reflectance (SR) was measured using the ASTM protocol
C 1549 (2009). Thermal emittance (TE) was measured using
the ASTM protocol C 1371 (2004).

The field data were used to benchmark the attic simu-
lation code AtticSim (ASTM C 1340 2004). Ceiling insu-
lation in the test assemblies was purposely set low at
Ryg—5 (h-ft?-°F)/Btu (Rg—0.9 [m?-K]/W) to help reduce
the experimental uncertainty in measured heat flux. Hence,
the discussions of field data will focus on heat crossing the
roof deck of the attic, and simulations will provide results
for energy consumption of attics with code-compliant
levels of insulation.

CONCRETETILE FIELD DATA

Miller and Kosny (2008) assessed the effects of cool color
roofs, thermal mass, and placement of batten and double-
batten systems under tile roofs. Miller and Kosny observed
that medium-profile tiles exhibited less heat transfer across the
roof deck as compared to a conventional shingle roof. Most
important, though, is the results among the medium-profile
tile; the one with conventional color pigments (0.10 solar
reflectance) and on double battens (1.5 in [0.038 m]) had
measured deck heat transfer very similar to that of the cool
color tile (0.40 solar reflectance) attached directly to the deck.
Therefore, for the two tiles, the nominal 1.5 in (0.038 m)
inclined air space is as effective as is the benefit derived from
cool color roofs. The performance of the air space agrees with
similar work by Beal and Chandra (1995), who field-tested
two identical medium-profile concrete tile roofs; one tile roof
was direct-nailed and the other was offset mounted about
1% in. (0.038 m) above the deck. Beal and Chandra (1995)
measured an 11% reduction in the daytime heat flux penetrat-
ing the concrete tile roof on double battens compared with the
adjacent direct-nailed tile roof.
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Miller et al. (2005) field tested flat concrete tile
(SR13ES83) and a medium-profile tile (SR10E93) that had
very similar solar reflectance and thermal emittance to the
control, an asphalt shingle (SR10E89) roof (Figure 2). The
heat transfer through the roof and ceiling of the attic with the
flat concrete roof and the medium-profile tile roof were about
half that measured for the asphalt shingle roof (Figure 2). The
reduction is due to the buoyancy effects occurring in the
inclined air channel that dissipates heat away from the deck.
The flat concrete tiles are attached to batten and counter-batten
strips, which form a vent cavity that is about 1% in. (0.038 m)

deep. The medium-profile tile is on battens and also forms its
own half-cylindrical channel of about 0.5 in. (0.0127 m)
radius.

Bulk air and sheathing temperatures for the flat concrete
tile (heat flux depicted in Figure 2) were measured along the
length of the tile roof from soffit to ridge (Figure 3). Data is
displayed for a hot August day and also for a cold day in Janu-
ary to view the differences between hot and cold weather.

August (8/17/2004) field data: At 8 AM the air in the
inclined cavity and the sheathing temperatures are about the
same from the soffit to the ridge vent. As the day progresses,

° Medium profile concrete (SR10E93)
—Asphalt Shingle (SR10E89)
—Flat concrete (SR13E83) Double Batten
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Figure 2 Heat penetrating the roof of each attic assembly being field tested on the ESRA (Miller et al. 2005).
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Figure 3 Local temperature measures for a flat concrete tile made along the length of the inclined air space at 8:00 a.m. and

at solar noon (2:00 p.m.).
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irradiance heats the roof and there is observed a linear increase
in the sheathing’s underside temperature; it being about
94.5°F (34.7°C) near the soffit and increasing to 98°F
(36.6°C) just upstream the ridge vent. The linear profile is
expected because the irradiance has no preferred location on
the south-facing roof deck, implying a constant solar flux. The
bulk air temperature in the inclined air space is observed to be
roughly 20°F (10.5°C) warmer than the sheathing (Figure 3).
Its profile dips as the air nears the ridge vent. The tiles are
designed porous to alleviate wind uplift and therefore oppos-
ing winds at or around the ridge are possibly causing the slight
drop. The bulk air temperature is about 30°F (16.7°C) warmer
than the outdoor air.

January (1/14/2005) field data: At 8 a.m. the bulk air
temperature measured near the soffit is 13°F (7.2°C) less than
the sheathing’s underside temperature (Figure 3). This
temperature difference lessens as one moves from the
measurement station at the soffit to the station at the ridge.
Night sky radiation causes the tile roof to chill below the
outdoor air temperature, and therefore air in the inclined air
space is cooled below the outdoor air temperature and is
believed to flow from ridge to soffit as the tile cools the air in
the channel. At solar noon there is only a slight increase in the
bulk air temperature occurring around 12 feet (3.6 m) from the
soffit. However, the irradiance has caused a flow reversal in the
channel whereby flow is not from soffit to ridge simply
because of the air temperatures as affected by the tile roof.

ALGORITHM FOR SUB-TILE VENTILATION

Miller et al. (2007) previously benchmarked AtticSim
against the field data for stone-coated metal roofs fixed to
double-battens. The tool has also been validated in this study
against the tile field experiments (Figures 2 and 3) and
predicted the ceiling heat flow within £10% of the field
measure. The tool contains overall moisture balances but is not
designed to predict moisture content of wood surfaces.

The airflow in the inclined air space can be driven by both
buoyancy and wind; however, the air space is obstructed at the
soffit to resist burning embers landing on the structure and to
resist flame impingement (Quarles and TenWolde 2004).
Therefore, the flow phenomenon is driven more by natural
convection rather than by forced convection because the fire
code calls for an obstruction which for tile roofs takes the form
of fire stops! which still allows for outdoor makeup air. Block-
ing the eave also helps alleviate wind uplift on the offset-
mounted roof. Hence, by fire code and wind design, the formu-
lation of the algorithm is based solely on natural convection
flow fields within the air space of the offset mounted roof
system.

Hollands et al. (1976); Arnold, et al. (1974); Azevedo and
Sparrow (1985), and, most recently, Brinkworth (2000) stud-
ied the air flows occurring in inclined air channels. During

I Tile industry uses the term bird stop for keeping rodents and birds

from entering and nesting in the inclined air space.

winter exposure, the warmer roof deck is positioned below the
cooler roof cover and heat flows upwards through the roof,
much as in the problem studied by Hollands et al. (1976) for
a closed cavity. Here, a denser air layer near the roof’s under-
side overlies lighter air adjacent to the roof deck. The density
inversion causes the heat transfer across the air channel to
switch from conduction to single-cell convection to Bénard
cell convection, depending on the magnitude of the Rag
number. For Ragnumbers of less than 1708/cos(0), there is no
naturally induced airflow within the cavity, and the heat trans-
fer occurs exclusively by conduction. However, as the flow
increases as a result of buoyancy, the heat transfer within the
channel can switch to Bénard cell convection.

During summer exposure, the roof cover is hotter than the
roof deck, and Bénard cell convection does not occur within a
closed inclined air space because the lighter air layer is natu-
rally above the denser air layer. Arnold et al. (1974) offers a
correlation which is based on an adaptation of heat transfer in
a vertical closed cavity; it being

Nu(0) = 1+ [Nuggo — 1]sin(0) (1)

where  Nug). is estimated from the correlations by
ElSherbiny et al. 1984, and 0 is the angle of inclination the
roof makes with the horizontal plane.

The correlation by Azevedo and Sparrow (1985) is used
for the case of an open inclined air space. Their correlation was
developed from experimental data where both walls were
heated, the top wall heated with the bottom wall unheated, and
also for the case of the top wall unheated and the bottom wall
heated. Several inclinations and channel heights were studied
and used to derive the following correlation which is
programmed in an algorithm for open channels:

g 1025
Nu = 0.673] 2 Rag]

H
where
S = the height of the air space
H = the length of the roof from soffit to ridge
Rag = theRayleigh number for an inclined air space of §

height.

The algorithm in AtticSim was benchmarked against the
ASHRAE Handbook—Fundamentals (1989) data for closed
inclined air spaces, Table 1. Two effective emittance values
were investigated to review the computed R-value. If the ther-
mal emittance of the two facing surfaces are high at 0.90 then
radiation heat transfer dominates over convention in the closed
cell. However, if one of the two surfaces has a low emittance
(i.e., 0.05 to 0.25) then convection heat transfer dominates.

The computed R-value by AtticSim for a closed air space
is within 1.5% of ASHRAE measures (Table 1) if there are no
low-emittance surfaces. The inclusion of a low-e surface
showed an error of 6.7% fora 0.75 in. (0.019 m) air space and
an error of 12% for the larger air space of 1.5 in (0.038 m). The
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mean air temperature in the air space and the temperature
change (A T) across the air space were gleaned from summer
field data collected at solar noon. AtticSim and ASHRAE
(Yarbrough and Desjarlais 1991) algorithms fixed these
temperatures and computed the thermal resistance of the air
space. Note that changing the air temperature and the temper-
ature drop across the air space changes the value of the thermal
resistance.

If one of the surfaces has low-emittance, then the thermal
resistance is seen to increase by almost a factor of 5 over the
case of the closed channel with high emittance surfaces,
Table 1.

The results imply that inclusion of a reflective underlay-
ment or painting the underside of the tile with low-emittance
paint will enhance performance of tile roofs. Therefore simu-

lations were conducted with and without a low emittance
surface in the air space.

Climatic Simulation Results

The AtticSim code was used in conjunction with Energy
Plus to compute the equivalent annual thermal resistance of
the inclined air space under tile roofs. The standardized HERS
BESTEST home (NREL 1995) clad with clay and concrete tile
roofs was simulated for several cities each in a unique
ASHRAE climate zone, Table 2. Sacramento, CA was
included but with ceiling insulation set to Title 24 building
code. Energy Plus estimated the hourly run times for the
HERS BESTEST home (NREL 1995) conditioned by an air-
conditioner certified with a Seasonal Energy Efficiency Ratio
(SEER) of 13 and heated by an 85%. efficient gas furnace.

Table 1. Benchmark of the Effective Thermal Resistance Computed by the AtticSim Code
as Compared to ASHRAE Handbook—Fundamentals (1989) Data
Thermal
. Mean Air N 2
S Air fFP;%e) AT, Temperature, (og‘fsfltszt?‘llll‘)c/:;tu AtticSim % Error
FCO ASHRAE!
0.75 in. 0.7456 13.7 (7.61) 130.4 (54.7) 0.762 0.752 1.22%
(0.019 m)
Air space 0.0497 33.3(18.5) 123.3 (50.7) 2.976 2.775 6.76%
1.5 in. 0.7456 14.7 (8.17) 130.0 (54.4) 0.814 0.818 0.49%
(0.038 m)
Air space 0.0497 37.7 (20.9) 121.8 (49.9) 3.191 3.588 12.44%

1 Yarbrough and Desjarlais (1991) and ASHRAE Handbook—Fundamentals, (1989) Chapter 22.2, Table 2.

2 Ry [(m? K)/W] = Ry;¢/5.678

Table 2. Simulations Conducted in the ASHRAE Climate Zones to Estimate
the Benefit of Sub-Tile Ventilation. IECC 2009 Code Assumed for Ceiling R-value
Asz}fﬁ;m City State HDDs CDDs [fle"f‘t‘ﬁg FF)V/aB't‘:f]
1 Miami FL 222 9368 30
2 Austin X 1481 7435 30
3 Atlanta GA 2614 4814 30
4 Baltimore MD 4731 3598 38
5 Chicago IL 6139 2895 43
6 Minneapolis MN 7787 2513 49
7 Fargo ND 10052 1332 49
8 Fairbanks AK 13940 1040 52
Title 24 Sacramento CA 2697 1202 38

Thermal Performance of the Exterior Envelopes of Whole Buildings XII International Conference 5



AtticSim used these outputs from Energy Plus to better esti-
mate the roof and attic load as coupled to the building enve-
lope. The attic floor was modeled assuming no air leakage
crossing the attic floor. Ducts for the air conditioner were
assumed in the conditioned space.

The TRI and its affiliates provided specifications for
several tiles with high-, medium-, and flat profile, see Appen-
dix A. Members computed the volume of the air space made
by tiles applied direct-to-deck and derived an effective height
of the tile’s air space by dividing the underside volume by the
footprint for a square (100 square feet [9.3 m?]) of tile. Eleva-
tions adjustments were made for batten and double-batten
systems, but the volume of wood within the footprint was
subtracted from the total volume in determining the effective
height of the air space. Simulations used the effective air space
and results for all tile with the tile attached directly to the deck,
the tile placed on battens, and the tile fastened to double batten
assemblies is provided in Appendix B.

A procedure was formulated that matched the annual load
crossing the ceiling of a tile roof and attic as compared to the
load computed for a direct-nailed shingle roof (Figure 4). As
example, an asphalt shingle roof with solar reflectance of 0.10
and thermal emittance of 0.90 was simulated for the climate of
Miami, Florida; annual load crossing the ceiling was
4.25 MBtu/yr (4483 MlJ/yr) assuming Ryq—30 (Rg; 5.3) of
insulation on the attic floor. The same home but with a tile roof
placed on double battens needed Ry;q—25.3 (Rg; 4.5) to match
the load of the home with a shingle roof.

Therefore, the equivalent annual R-value of the inclined
air space is estimated at Ryg—4.7 = [Rys—30 — Ryyg—25.3]. The

computed R-value is termed an equivalent annual value
because it accounts for the diurnal and seasonal changes in
mean air temperature and temperature change across the
inclined air space, which in turn affects the temperatures and
heat flows within the attic. Results imply what the added level
of ceiling insulation needs to be for the control shingle roof to
have the same annual load as the tile roof.

The field data for summer shown back in Figure 3 reveals
that the open air space helps drop the heat flow crossing the
roof deck which, in turn, drops the underside temperature of
the deck and the radiation and convection heat transfer cross-
ing from the deck to the attic floor. As the surface temperatures
of the roof and attic vary so does the radiation and convection
heat transfer coefficients; however, by comparing the ceiling
load for the attic with tile roof to the base shingle roof, the
effect of the air space on attic temperatures and subsequently
the heat flows is accounted for in prediction of the equivalent
annual thermal resistance. Therefore the procedure does not
yield a true academic measure of thermal resistance for the air
space, rather we computed an effective annual resistance
needed to match load to the base shingle roof assembly.

Direct-to-Deck ¢4 = 0.82 Simulation Results

AtticSim/Energy Plus simulations for the concrete and
clay tile fastened directly to the deck show best results in the
hottest US climates (Figure 5). The tiles with high profile
(Espana and Barcelona 900) yielded the highest thermal resis-
tance of all tile. In Miami, Florida (ASHRAE zone 1) these
tiles yielded an annual equivalent Ry;s—2.7, which implies that
for a conventional shingle roof to have the same annual ceiling

50

45 1§
;\ 0 Asphalt Shingel (SR10E90)

40

;\ +High Profile Conctrete Tile (SR10E90) installed on Double Battens
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Roof with IECC R-30 on

{ R=4.7\

Annual Ceiling Heat Transfer [MBtu / yr]
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Figure 4 Annual load crossing the ceiling of home simulated for Miami, Florida with shingle roof and with concrete tile roof
placed on double battens. The R-value of ceiling insulation needed to match load for shingle roof is used to estimate

the equivalent R-value of the inclined air space.
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Figure 5 The annual equivalent thermal resistance for DiD tile roofs; € 5= 0.82.

load, it would need Ryg—2.7 more insulation above
ASHRAE 90.2 (2007) code requirement. Or said differently,
the inclined air space formed by the Barcelona 900 and Espana
tile with code level of insulation on the attic floor represents
an equivalent annual Ryg of 2.7 [(h-ft’°F)/Btu]; Rg; of
([0.48 m?-°C}/W).

The high profile clay tiles, Corona Tapered M, Classic S
Tapered M, and Mission S) all yielded an equivalent thermal
resistance of about Ryyg—2.2 (Rg—0.39) for exposure in Miami,
Florida. In Austin, Texas (Zone 2) the equivalent thermal
resistance drops to about Ryg—1.1 (Rg—0.19). The medium
profile tiles (Villa 900) show results very similar to the clay tile
roofs. The Saxony 900, Madera, and Eagle FT tile, because of
their flat profile, had the lowest computed equivalent thermal
resistance measures (Figure 5).

In climate zone 3 (Atlanta, Georgia), the R-value is of the
order 0.7 to 0.2, and in the moderate climate of Baltimore,
Maryland (zone 4) the equivalent annual R-value is about 0.2.
The more predominantly heating climates of Chicago, Minne-
apolis, Fargo, and Fairbanks showed that the inclusion of the
air space had no impact on thermal performance (Figure 5).

Direct-to-deck ¢ = 0.22 Simulation Results

Additional AtticSim/Energy Plus simulations were made
for the case of the tile’s underside spray painted with a low-
emittance paint having a thermal emittance of 0.22. The
concrete and clay tile were again fastened directly to the deck
(Figure 6). The low emittance paint increased the effective
annual thermal resistance of all tile assemblies (Figure 6).
Comparing Figure 5 to 6 reveals that the low emittance paint
reduces the radiation heat transfer crossing the air space and
therefore improves the thermal resistance. Even the cold

Thermal Performance of the Exterior Envelopes of Whole Buildings XlI International Conference

climates show some resistance value for the air space; of the
order Ryyg—0.5 (Rg—0.09).

For ASHRAE zone 3 (Atlanta, Georgia) the high-profile
concrete and clay tiles (Espana, Barcelona 900, Corona
Tapered, Classic S, and Mission S) all showed an almost
tripling of the effective annual thermal resistance with the
addition of the low emittance paint. The clay tiles all jumped
from Ryg—0.5 (Rg—0.09) to Ryyg—1.6 (Rg—0.28).

Double Batten Simulation Results

AtticSim/Energy Plus simulations for Austin, Baltimore
and Minneapolis were made with the tile offset mounted on
battens and double battens. Figure 7 provides results for
double batten applications with the air space having an effec-
tive thermal emittance of 0.05, 0.21, and 0.82, respectively.
Appendix B lists results for flat-, medium-, and high-profile
tile attached direct-to-deck, and on batten and double batten
applications.

An underlayment is typically designed to provide hygro-
thermal protection for the roof deck. Some also offer a low-
emittance foil. The foil’s emittance is about 0.05 and if used in
the air space would further reduce the radiation heat transfer
crossing the air space. Because it is positioned facing up, the
low-emittance surface is expected to degrade as fine dusts
settle and tarnish the foil. Dust accumulation over time was
shown to reduce the effectiveness of foil placed on an attic
floor (Fairey, Swami, and Beal 1988). However, simulations
were made to document feasible gains in performance. More
work is needed to document the sustained effectiveness of the
foil when used as an underlayment for tile roof applications.

In the hot climate of Austin, the effective annual thermal
resistance of the Barcelona and Espana concrete tile applied
on double battens increases from Ryg 1.54 (Rg—0.27)
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(air space ¢ off 0.82) to Ryg 34 (Rg0.60)
(air space ¢, 0.21) up to a thermal resistance of Ryyg—5
(Rg—0.88) if air space €, = 0.05. The Mission C clay tile
by practice is fastened c{lrect-to-deck but is also shown in
Figure 8 to view its performance against the concrete tiles on
double battens. The Mission C yields an effective thermal
resistance of Ryg—4.3 (Rg—0.76) which is just 14% less than
that of the best performing concrete tile on double battens.
Baltimore is more moderate in climate and maximum effective
annual thermal resistance was about Ryjg—1.5 (Rg—0.26) for

the case havingan ¢, = 0.05.In Minneapolis, the effective
annual thermal resistance is only Ry;g—0.60 (Rg—0.1).

Miller (2011) developed design guidelines for roofs and
attics and showed that the inclusion of the foil in an inclined
air space would yield annual savings of about $80 for simula-
tion in Austin but in the colder climates of Baltimore and
Minneapolis savings is only about $10 annually. However,
closer inspection shows that the inclusion of a foil in the
inclined air space would increase the temperature on the
underside of the roof deck during the cold evening hours as

8 Thermal Performance of the Exterior Envelopes of Whole Buildings XlI International Conference
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Figure 8 Simulations for Minneapolis, Minnesota, showing the temperature of the OSB deck facing into the attic for tile roofs
on double battens with and without a low emittance surface and also for a direct nailed shingle roof. Data depicted

for winter exposure from January 4 through 6.

compared to a direct nailed shingle roof (Figure 8). All roofs
have about the same exterior roof temperature after a cold
winter evening. However, at about § a.m. the tile roof with low-
e foil shows its deck temperature (facing into the attic) to be
7°F (3.9°C) warmer than that computed for the direct nailed
shingle roof.

The foil retards the radiation loss to the night sky and
keeps the attic and subsequent surfaces warmer than the direct
nailed base case. The warmer deck implies that the ventilated
attic with tile on double battens has less potential for conden-
sate to form on the underside of the deck as compared to the
conventional ventilated and direct nailed roof and attic.

CONCLUSIONS

An inclined air space in or above the roof deck provides
thermal buffering and is an excellent design strategy for reduc-
ing roof heat gains and losses in hot climates. Field tests of flat
concrete tile and medium-profile concrete tile having almost
the same solar reflectance and thermal emittance as a conven-
tional shingle roof demonstrated peak day heat flows penetrat-
ing the roof deck that were 43% less than that measured for the
control shingle roof. Hygrothermal performance also
improves because the natural ventilation occurring in the air
space during the day helps dry the roof. Thermal resistance of
the air space increases if the effective thermal emittance of the
air space is reduced by adding a foil (low-emittance surface)
or low-emittance paint. Dropping the effective emittance
drops the radiation heat transfer crossing the air space and at
night causes the temperature of the sheathing’s underside to
not drop as much as compared to the case without the foil.

Therefore, natural ventilation helps dry the roof during the day
and the foil surface drops the potential for condensation on the
underside of the sheathing during the winter’s coldest evening
hours.

Field temperatures collected within the air space from
soffit to ridge show the heat transfer to be constant flux at the
roof deck. At solar noon the bulk air temperature is about 30°F
(16.7°C) warmer than the outdoor air and the natural convec-
tion flow is transitioning from laminar to turbulent flow as
flow proceeds toward the ridge.

A procedure was formulated and validated for predicting
the effective annual thermal resistance of the air space. First,
an algorithm for combined convection and radiation in a
closed air space was benchmarked against published data
(ASHRAE Handbook—Fundamentals 1989). Second a
computer tool, AtticSim with support from Energy Plus,
modeled the HERS BESTTEST standard simulation and
applied the code to several climates across the U.S. Finally,
results were compared to a control shingle roof having the
same solar reflectance and thermal emittance as the concrete
and clay tile roofs. Fixing the annual load for the control shin-
gle with code level of insulation on the ceiling and comparing
the ceiling thermal resistance needed to yield the same load for
a tile roof yields the annual effective thermal resistance of the
inclined air space.

Tiles with a high profile yielded the highest thermal resis-
tance of all tile. Offset mounting of all tiles improves the ther-
mal resistance; however, best results were observed only in hot
to mild climates. The more predominantly cold climates
showed no thermal advantage for inclusion of the air space.
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However, adding a low emittance surface to the air space
causes a significant jump in the effective annual thermal resis-
tance. In the hot climate of Austin, the effective annual thermal
resistance of the high profile tile applied on double battens
increases from Ryg 1.54 (Rg—0.27) (air space ¢, = 0.82)
to Ryyg 3.4 (Rg—0.60) (air space Eof = 0.21)up to athermal
resistance of Ryyg—5 (RSI-0.88) if (éur space &, = = 0.05).
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NOMENCLATURE

CDD¢s = cooling degree days with 65°F (18.3°C) base
HDDgs =  heating degree days with 65°F (18.3°C) base
Rq; = thermal resistance in units of m*K/W

Rys = thermal resistance in units of h-ft®-°F/Btu
Nu = Nusselt number

Ra = Rayleigh number
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Clay and Concrete Tile Specifications for Air Space with Tile Attached Directly

to the Roof Deckand also Offset Mounted from the Roof Deck on Battens and Double Batten Assemblies

Volume of Air Space for ~ Average Thickness of Air

Manufacturer Tile Profile Material Roof Application 100 {t* of Tile Roof Space of Tile Roof
in3 m? in. m

MTCaI‘; rizrﬁla High Clay Direct-to-Deck 21398 0.351 1.49 0.0378
MCA Classic S High Clay Direct-to-Deck 24746 0.406 1.72 0.0437
MCA Mission S High Clay Direct-to-Deck 25828 0.423 1.79 0.0455
Flat Concrete Direct-to-Deck 16499 0.270 1.15 0.0291
Boral Saxony 900 Flat Concrete Battens 20082 0.329 1.39 0.0354
Flat Concrete Double Battens 23771 0.390 1.65 0.0419

High Concrete Direct-to-Deck 34652 0.568 241 0.0611
Boral Barcelona 900 High Concrete Battens 38670 0.634 2.69 0.0682
High Concrete Double Battens 44047 0.722 3.06 0.0777
Medium Concrete Direct-to-Deck 20088 0.329 1.40 0.0354
Boral Standard Villa ~ Medium Concrete Battens 24195 0.396 1.68 0.0427
Medium Concrete Double Battens 29052 0.476 2.02 0.0512
High Concrete Direct-to-Deck 35948 0.589 2.50 0.0634
Boral Espana High Concrete Battens 36727 0.602 2.55 0.0648
High Concrete Double Battens 42788 0.701 2.97 0.0755
Flat Concrete Direct-to-Deck 7833 0.128 0.54 0.0138
Boral Madera Flat Concrete Battens 17133 0.281 1.19 0.0302
Flat Concrete Double Battens 22440 0.368 1.56 0.0396
Flat Concrete Direct-to-Deck 16313 0.267 1.13 0.0288
Eagle Flat Concrete Battens 26342 0.432 1.83 0.0465
Flat Concrete Double Battens 31427 0.515 2.18 0.0554
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APPENDIX B

The Barcelona 900™ is an extruded interlocking concrete
roof tile that complies with ASTM C 1492. The tile is a popu-
lar selection among homeowners because it reflects the classic
style of historic Spanish architecture. It has distinct hue
combinations that create an aesthetically pleasing and rustic
look. The tile is made of concrete. About 85 tiles are needed
for coverage of 100 square feet (9.3 m?) of roof coverage. Tile
weight is reported at 900 1b (431 kg) for 100 square feet
(9.3 m?) of coverage. Tables B1, B2, and B3 list the equivalent
annual thermal resistance of the tile for direct-to-deck, batten
and double batten applications simulated for the 8 ASHRAE
climatic zones (Table 2) and also for Sacramento, CA assum-
ing Title 24 code requirements.

Figure B1 Barcelona 900 Concrete Tile.

Table B1. Barcelona 900 Effective AnnualThermal Resistance [Rys] of Inclined Air SpaceYielding Same Ceiling
Load as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.82
Roof Air Space ASHRAE Climate Zones Sacramento, CA
Configuration | Height, in. (mm) 1 2 3 4 5 6 7 3 Title 24
Direct-to-Deck | 2.406 (61.1) 2.72 1.42 0.68 0.29 0.08 0.05 0.00 0.17 0.52
Battens 2.69 (68.2) 2.84 1.47 0.71 0.30 0.09 0.05 0.00 0.16 0.55
Double Battens| 3.058 (77.7) 2.97 1.54 0.74 0.32 0.09 0.05 —0.01 0.16 0.58

Rys units = [(h - ft? - °F)/Btu]; Rg; [(m? - K)/W] = Ry + 5.678263

A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Barcelona 900 simulations.

Table B2. Barcelona 900 Effective Annual Thermal Resistance [Ry;s] of Inclined Air Space Yielding Same Ceiling
Load as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.22

. ASHRAE Climate Zones Sacramento, CA
Roof Air Space
Configuration | Height, in. (mm) 1 2 3 4 5 6 - 8 Title 24
Direct-to-Deck | 2.406 (61.1) 5.66 3.20 1.86 0.99 0.51 0.36 0.23 0.35 2.10
Battens 2.69 (68.2) 5.83 3.29 1.91 1.01 0.52 0.36 0.23 0.35 2.15
Double Battens | 3.058 (77.7) 6.03 3.38 1.95 1.03 0.53 0.36 0.23 0.34 2.21

Ry units = [(h - fi2 - °F) / Btu]; Rg; [(m? - K)/W] = Ryg = 5.678263

A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Barcelona 900 simulations.

Table B3. Barcelona 900 Effective Annual Thermal Resistance [Rys] of Inclined Air Space Yielding Same Ceiling
Load as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.05

Roof Air Space ASHRAE Climate Zones Sacramento, CA
Conﬁguration Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Direct-to-Deck | 2.406 (61.1) 8.54 4.79 2.81 1.50 0.80 0.56 0.37 0.42 3.29

Battens 2.69 (68.2) 8.75 4.89 2.87 1.53 0.81 0.57 0.37 0.42 3.35
Double Battens | 3.058 (77.7) 9.02 5.02 2.93 1.56 0.82 0.57 0.37 0.42 3.42

Ryg units = [(h - ft> - °F) / Btu]; Rg; [(m? - K)/W] = Ryg + 5.678263

A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Barcelona 900 simulations.
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The Villa 900 concrete tile has a moderate tile profile
whose shape and style of tile is often seen on buildings in Italy
and Southern France. About 85 tiles will cover 100 square feet
(9.3 m?) of roof. Tile weight is about 920 Ibs (417.2 kg) per
100 square feet (9.3 m?) of coverage. Tables B4, B5 and B6 list
the equivalent annual thermal resistance of the tile for direct-
to-deck, batten and double batten applications simulated for
the eight ASHRAE climatic zones (Table 2) and also for
Sacramento, California assuming Title 24 code requirements.

The MCA Corona and Classic S Tapered M tiles are a
two-piece pan and cover units. The clay tiles are extruded
and fire cured and comply with ASTM C 1167. The tile
meets all freeze/thaw and intrusive salt environments.
About 150 tiles are needed for 100 square feet (9.3 m?) of
roof coverage. Tile weight is reported at 1050 Ib (476.2 kg)

Figure B2 Villa 900 Concrete Tile.

Table B4. Villa 900 Effective Annual Thermal Resistance [Ryg] of Inclined Air Space Yielding Same Ceiling Load
as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.82

. ASHRAE Climate Zones Sacramento, CA
Roof Air Space
Configuration | Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Direct-to-Deck 1.4 (35.6) 2.21 1.14 0.53 0.23 0.06 0.05 0.00 0.17 0.37
Battens 1.68 (42.7) 2.37 1.23 0.58 0.25 0.07 0.05 0.00 0.17 0.42
Double Battens 2.02 (51.3) 2.55 1.32 0.63 0.27 0.08 0.05 0.00 0.17 0.47

Rys units = [(h - ft* - °F) / Btu]; Rg; [(m? - K)/W] = Ryg + 5.678263
A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Villa 900 simulations.

Table B5. Villa 900 Effective Annual Thermal Resistance [Rys] of Inclined Air Space Yielding Same Ceiling Load
as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.22

Roof Air Space ASHRAE Climate Zones Sacramento, CA
Conﬁguration Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Direct-to-Deck 1.4 (35.6) 491 2.81 1.66 0.89 0.47 0.34 0.22 0.34 1.87

Battens 1.68 (42.7) 5.15 2.94 1.72 0.92 0.49 0.34 0.22 0.35 1.94
Double Battens 2.02 (51.3) 5.40 3.07 1.79 0.95 0.50 0.35 0.22 0.35 2.02

Rys units = [(h - ft* - °F) / Btu]; Rg; [(m? - K)/W] = Ryg + 5.678263
A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Villa 900 simulations.

Table B6. Villa 900 Effective Annual Thermal Resistance [Ryg] of Inclined Air Space Yielding Same Ceiling Load
as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.05

Roof Air Space ASHRAE Climate Zones Sacramento, CA
Conﬁguration Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Direct-to-Deck 1.4 (35.6) 7.61 4.32 2.55 1.37 0.75 0.52 0.35 0.40 2.99

Battens 1.68 (42.7) 7.90 4.46 2.63 1.41 0.77 0.54 0.36 0.41 3.08
Double Battens 2.02 (51.3) 8.21 4.62 2.72 1.45 0.79 0.55 0.36 0.42 3.18
Ryg units = [(h - ft> - °F) / Btu]; Rg; [(m? - K)/W] = Ryg + 5.678263
A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Villa 900 simulations.
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Figure B4 MCA Classic S tapered M clay tile.

Figure B5 MCA Mission S clay tile.

for 100 square feet (9.3 m?) of coverage. The Mission S
style is a one-piece tile with weight of 780 1b (353.7 kg) for
100 square feet (9.3 m?) of coverage. Tables B7, B8, and B9
list the equivalent annual thermal resistance of the tile for

direct-to-deck applications simulated for the eight
ASHRAE climatic zones (Table 2) and also for Sacramento,
California, assuming Title 24 code requirements.
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Table B7. MCA Effective Annual Thermal Resistance [Rys] of Inclined Air Space Yielding Same Ceiling Load
as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.82

ASHRAE Climate Zones

Sacramento, CA

Roof Air Space
Configuration | Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Corona
Tapored M 1.49 (37.8) 2.23 1.13 0.50 0.21 0.04 0.03 —0.01 0.17 0.29
Classic S 2.24 (56.8) 2.36 1.20 0.54 0.23 0.05 0.04 ~0.01 0.17 0.33
Topered M . . . . . . . . . . .
Mission S 2.99 (75.9) 2.40 1.22 0.55 0.23 0.05 004 | —0.01 0.17 0.34

Rys units = [(h - ft - °F) / Btu]; Ry [(m? - K)/W] = Ryg = 5.678263

MCA clay tile fastened directly to the roof deck without batten system.

A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Corona Tapered clay tile simulations.

Table B8. MCA Effective Annual Thermal Resistance [Ryg] of Inclined Air Space Yielding Same Ceiling Load
as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.22

ASHRAE Climate Zones

Sacramento, CA

Roof Air Space
Configuration | Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Corona
Tapored M 1.49 (37.8) 4.95 2.82 1.64 0.87 0.46 0.33 0.21 0.34 1.81
Classic S 2.24 (56.8) 4.95 2.82 1.64 0.87 0.46 0.33 021 0.34 1.81
Tapored M . . . . . . . . . . .
Mission S 2.99 (75.9) 495 2.82 1.64 0.87 0.46 0.33 0.21 0.34 1.81

Rys units = [(h - ft* - °F) / Btu]; Rg; [(m? - K)/W] = Ryg + 5.678263

MCA clay tile fastened directly to the roof deck without batten system.

A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for Corona Tapered clay tile simulations.

Table B9. MCA Clay Tile Effective Annual Thermal Resistance [Rys] of Inclined Air Space Yielding
Same Ceiling Load as Direct-to-Deck Asphalt Shingle Roof. Air Space Effective Emittance = 0.05

ASHRAE Climate Zones

Sacramento, CA

Roof Air Space
Configuration | Height, in. (mm) 1 2 3 4 5 6 7 8 Title 24
Corona
Tapored M 1.49 (37.8) 7.67 | 433 2.54 136 | 0.74 0.52 0.34 0.40 2.95
Classic S 2.24 (56.8) 790 | 445 2.61 139 | 0.76 0.53 0.35 0.41 3.03
Tapored M . . . . . . . . . . .
Mission S 2.99 (75.9) 796 | 448 | 2.63 140 | 0.76 0.53 0.35 0.41 3.05

Ryg units = [(h - ft? - °F) / Btu]; Rg; [(m? - K)/W] = Ryyg + 5.678263

MCA clay tile fastened directly to the roof deck without batten system.
A solar reflectance of 0.10 and thermal emittance of 0.90 was assumed for control shingle and for MCA clay tile simulations.
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