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ABSTRACT

Instrumented buildings and cold room studies indicate that the outside design temperature for sizing natural or mechanical
ventilation systemsto avoid problematic icings at roof eaves should be 22°F (-5.6°C). When it is colder outside, ventilating with
outside air is increasingly effective, and when it is warmer, icings at eaves seldom grow.

The amount of fresh air needed to minimizeicingsis related to the size and slope of the roof, the temperature in the heated
building below, and the thermal resistance in between.

In big open attics, essentially all of theresistance to airflow is created at inlet and exhaust openings. In cathedral ceilings,
the resistance to flow up the narrow airways is also an important consideration.

Design aids are developed to make the task of sizing inlet and exhaust openings and, in the case of cathedral ceilings, the
airway height, quick and easy. Recommendations are presented on when and whereroof ventilation is necessary to avoid icings.

INTRODUCTION CRREL studies of ice damming (Tobiasson et al. 1998,
1999) conclude that a combination of insulation and roof

Buildings in cold regions with roofs that drain to cold ventilation is the most reliable approach to eliminate chronic

eaves may experience ice damming and icicles along their
eavesinwinter. Water that pondsupslope of icedamsmay leak
into the building since most steep roofs are configured to shed
water—not hold back standing water.

Figure 1 shows two roofs located near Watertown, New
York. The two photos of identically constructed buildings
were taken within minutes of each other. One roof contains
largeice damsand icicles, but the other isice-free. Why? The
snow ontop of the chimney of oneroof isthe clueto the differ-
ence in behavior. That building was not being heated, while
the other building was at room temperature.

Figure lillustratesthat building heat—not the sun—isthe
primary cause of ice dams and icicles on roofs. When the sun
melts snow on roofs, it also warms the eaves, and thistendsto

minimize the growth of icicles. Certainly, icings can form on
unheated buildings and from solar heating, but they are
usually small, infrequent, and do not cause chronic problems.

Figurel Twoidenticallyconstructed roofsphotographed at
thesametime. Theoneontheright, with noicings,
was unheated.
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engineer and Alan R. Greatorex isacivil engineering technician at CRREL.
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problematic ice dam formation. Theimportance of (1) install-
inginsulation properly sothat itisthermally effectiveand does
not block air pathways and (2) providing a continuous air
barrier between theliving space and the attic are al so acknowl-
edged. By instrumenting several buildings with attics at Fort
Drum in upstate New York—some with no ice dam problems
and otherswith such problemsranging from minor to severe—
guidelines for sizing attic ventilation systems to avoid such
problems have been developed. The Fort Drum study (Tobi-
asson et a. 1998) determined that attic ventilation systems,
natural or mechanical, should be sized to keep the underside
of the roof below freezing when it is 22°F (—5.6°C) outside.
When it is colder than that, it is easier to remove heat with
outsideair sincethat air iscolder. Whenitiswarmer than 22°F
(-5.6°C), it isunlikely that meltwater will refreeze at eaves.

Fifty-seven buildings at Fort Drum were modified
according to these guidelines. Those modificationsessentially
eliminated the chronic icing problems of the past. Since 1995,
many other icing problems have been eliminated in other
placesusing theseguidelines. Buskaet al. (1998) present some
examples including one for a cathedral ceiling. Additional
calculations for cathedral ceilings, along with cold room tests
that verify those cal culations, have also been reported (Tobi-
asson et al. 1999).

Our mathematical developmentsin these reports assume
that all ventilation isby stack effect. We acknowledge that, at
times, wind-induced ventilation can greatly exceed stack-
effect ventilation. However, since winds cannot be relied on,
we have based our approach on stack-induced ventilation.

Our measurements include the effects of daytime solar
loading and nighttime radiational cooling, but our mathemat-
ica developments do not. Since our guidelines are solving ice
damming problems, these simplifying assumptions appear to
be reasonable for our purposes for snow-covered roofs.

Roofs that contain dormers, valleys, and other features
that complicate ventilation are prone to ice damming in the
vicinity of such features. At such locations, ventilation detail s
deserve extra attention.

Onepurposeof thispaper isto somewhat refinethe* attic”
calculations and present both the “attic” and “ cathedral ceil-
ing” findings in a simple graphical way so that they can be
readily used without the need to make calculations. Another
purposeisto discuss the counterpoint that insulation and tight
construction alone can eliminate icings and, thus, ventilation
is not needed.

DESIGN AIDS FOR ATTICS

Figure 2 shows a typical attic with insulation in the flat
ceiling below. In this paper, our prior work on attic ventilation
has been modified by using an average attic temperature of
27°F (—2.8°C), not 30°F (—1.0°C). This has been done to be
consi stent with our more recent cathedral ceiling calculations,
which use an average airway temperature of 27°F (—2.8°C)
based on 22°F (-5.6°C) outside air entering along the eaves
and therequirement to limit thetemperature of theair exhaust-
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Figure2 A typical ventilated attic at the “design”
condition.

ing at the ridge to 32°F (0°C) to prevent melting of snow onthe
roof. We assumethat enough ventilating air must passthrough
the attic to remove all of the building heat being added by
conduction throughtheceiling. Since someheat will belost up
through the snow on the roof or through the gable ends of the
attic, our answer will call for somewhat more ventilating air
than amorerigoroustreatment of heat flowswould determine.

When our previous mathematical development for attics
ismodified to account for the above change in attic tempera-
ture, the area of inlets required along the eaves per running
foot of attic to allow enough stack-effect ventilation to keep
the entire attic below 32°F (0°C) is as follows:

A = 33.28(W/tan0)>°/R W
(in Sl units, A, = 22.18(W/tan¢)*°/R)

where

net free open area of inlets along the eaves in
in2running ft (mm?running mm) of attic. Note
that this is the total value for both eaves—half
of this would be needed aong each side of a
typical gable roof. That same total value would
aso be needed for outlets dong the ridge.

atticwidth, ft (m).

roof dopeindegrees. Table 1 relatesd opein degreesto
slopeininches per foot and provides the tangents and
cosines of those dopes.

>
1

thermal resistance of the ceiling, ft?h.9F/Btu (m?
K/W).

For example, when a roof has a 3 on 12 (149 slope,
its attic has a width of 30 ft (9.1 m), and its celling has
a thermal resistance of 25 ft>h°F/Btu (4.4 m?K/W), the
total net free open area of inlets aong the eaves (and aso
the net free open area of outlets along the ridge) would
be 33.28 (30/0.25)%%/25 = 14.6 in.%/running ft (in Sl units,
22.18 [9.1/0.25]°%/4.4 = 30.4 mm?/mm). Along each eave
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TABLE 1
Information on Roof Slope

Slope Slope ¢ Tangent ¢ Cosine ¢

(in./ft) (degrees)
Ya 12 0.021 1.000
Yo 2.4 0.042 0.999
1 4.8 0.083 0.997
2 9.5 0.167 0.986
3 14.0 0.250 0.970
4 184 0.333 0.949
5 22.6 0.417 0.923
6 26.6 0.500 0.894
8 337 0.667 0.832
10 39.8 0.833 0.768
12 45.0 1.000 0.707
14 49.4 1.167 0.651
16 53.1 1.333 0.600
18 56.3 1.500 0.555
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Figure3 Net free open area of inletsfor atticswith R15 (in
S units, R2.6) insulation.

of the roof, the net free open area of inlets would need
to be about 7.3 in%/running ft (about 15.2 mm2/mm).

Inthisexample, thetota areaof inletsand outlets of about
29 in.2/running ft (61 mm%mm) is about 1/150 of the attic
area. This is double the current “1/300 rule” developed for
moisture control in attics, not ice dam prevention. If thisattic
had more or less insulation, this ratio for ice dam avoidance
would change. It would decreaseto about 1/240for R40 (in S|
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Figure4 Net free open area of inlets for atticswith R25 (in
S units, R4.4) insulation.
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Figure5 Netfreeopen area of inletsfor atticswith R40 (in
S units, R7.0) insulation.

units, R7) and increase to about 1/90 for R15 (in S| units,
R2.6). If the roof slope were to change, this ratio would also
change. For flatter slopes, ventilation by stack effect dimin-
ishes, and much bigger openings are needed to achieve the
ventilation necessary.

The above comparison with the current “1/300 rule” is
made to indicate that it should not be assumed that if that rule
isfollowed, the roof will not suffer icing problems.

Equation 1 ispresented graphically in Figures 3, 4, and 5
for attics with ceiling thermal resistances of R15, R25, and
R40 (in SI units, R2.6, R4.4, and R7.0), respectively. Arrows
on Figure 4 illustrate the above example. For other ceiling



thermal resistances, the answer can be obtained by interpolat-
ing among the three graphs.

By way of comparison, using Equation 1, the answer is
14.6 in.?/running ft (30.7 mm%mm). That is a better answer
sincetheinaccuracies associated with agraphical solution are
avoided, but 15 in.%ft (31 mm?%mm) is certainly close enough
for design purposes.

DESIGN AIDS FOR CATHEDRAL CEILINGS

Figure 6 showsacathedral ceilingwith slope¢ in degrees,
length L in ft (m), airway height h, in in. (mm), and ceiling
thermal resistance R in ft>h-°F/Btu (m?K/W). Figures 7, 8,
9, and 10 present the design aids devel oped previously (Tobi-
asson et al. 1999) for roofs with cathedral ceilings. Note that
the answers are for each airway; therefore, for atypical gable
roof, each side would be analyzed separately. Using the roof
in the example used previously to illustrate the attic design
alds, the horizonta projection of the 3 on 12 sloped airway
would be the “attic” width of 30 ft (9.1 m) divided by 2. The
length of the airway, L, would be 15 ft (4.6 m) divided by
the cosine of the slope. From Table 1, the slope is 149, its
cosine = 0.970, and, thus, L = 15/0.970 = 15.5 ft (4.6/0.970
= 4.7 m). Since the R-value in the example is 25 ft>h-°F/Btu
(4.4 m? K/W), and the roof slopeisvery near 15°, the middle
graph of Figure 7 isused to determine airway height and inlet
area. A range of combinations is available. Firgt, it is clear
that an airway only 1 in. (25 mm) high will not suffice. Not
enough air can flow up such a narrow airway to provide the
cooling required in thiscase. Next, itisclear that thereisvery
little to gain by making the airway much over 1.75 in. (44
mm) high. For airway heights of 1.25, 1.5, and 1.75 in. (32,
38, and 44 mm), the required inlet areas are about 13, 9, and
8in.%/running ft (27, 19, and 17 mm?%mm), respectively. The
final selection among these alternatives would, in al like-
lihood, be based on lumber sizes, net free openings of
commercialy available soffit and ridge vents, and similar
issues.
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Figure6 Atypical ventilated cathedral ceiling.

Had the slope of this roof been 45°, the length of the
airway would have been 21.2 ft (6.5 m) and sketching that line
onthemiddlegraphin Figure 9, between the L = 15t (4.6 m)
andL =30ft(9.1m) lines,alin. (25 mm) high airway could
be used, provided that the inlet area was about 9 in.%/running
ft (about 19 mm%mm).
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Figure7 Airway heights and inlet areas for cathedral
ceilings with a slope of 15°.
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Figure8 Airway heights and inlet areas for cathedral

ceilings with a slope of 30°.
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Figure9 Airway heights and inlet areas for cathedral



By studyingthe graphsin Figures7through 10, itispossi-
ble to get an appreciation for just how much the length of the
airway, the slope of the roof, and its thermal resistance influ-
ence the inlet areas and airway heights needed to keep cathe-
dral ceilings from suffering chronic icing problems.
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Figure 10 Airway heights and inlet areas for cathedral
ceilings with a slope of 60°.

IS ROOF VENTILATION NECESSARY?

We and others at CRREL have done several studies to
show that edge venting and the various commercialy avail-
able breather vents are not effective in ventilating low-slope
“compact” membraneroofing systems (Tobiasson et al. 1983;
Tobiasson 1994). We define “compact” as a system with its
insulation above its deck and having no airspaces or interme-
diate framing members. Those studiesindicate that such roofs
do not need to beventilated and the penetrationsof their water-
proofing membranes needed to install such vents often do
more harm than good.

“Framed” roofshaveall or some of their insulation below
their deck between framing members. Low-slope framed
roofs have a relatively high risk of incurring condensation
problems. Risks can be reduced by using, instead, a compact
roof or ahybrid roof (i.e., part “ compact” above the deck and
part “framed” below) (Tobiasson 1994).

Air barriers and vapor retarders are the primary lines of
defense against condensation problems in building envelopes
in cold regions. When air exfiltration is prevented, condensa-
tion problems seldom occur. When condensation problems
develop, air leakage paths are usually found to be the cause.

For decades, framed roofs have been ventilated as an
acknowledgment that the elimination of air exfiltration is
seldom achieved in framed construction. Vapor retarders, air
barriers, foam sealants, and such have led to tighter building
envelopes, and, thus, the need to ventilate away moist exfil-
trating air has diminished. If framed wallsbuilt “tight” do not
need to be ventilated, why use framed roofs? One argument is
that the forces that promote air exfiltration are greatest at the
top of buildings. Thus, large portions of walls may be
subjected to air infiltration, which, in cold regions, is less apt
to create condensation problems.

Other reasons for ventilating sloped roofs relate to ther-
mal—not moisture—issues. By ventilating between the insu-
lation and the roofing material (e.g., asphalt shingles), those
materias remain cooler and their useful life is prolonged.
However, evidence isaccumulating that the expected benefits
are minimal and the need to ventilate roofs for this reason is
now being questioned (TenWolde and Rose 1999). Nonethe-
less, most manufacturers of asphalt shingles currently require
ventilation below their products. Problems such as shingle
splitting are often blamed on missing or inadequate ventila-
tion. A lot of valuable findings and perspectives on thisissue
are not available due to their proprietary nature. However, it
appearsthat thelack of adequate ventilation is not the primary
cause of most of these problems.

Ventilation is also promoted to reduce cooling loads.
Some studies support thisbenefit, but othersdo not. TenWolde
and Rose (1999) acknowledge that attic ventilation may
reduce cooling loads somewhat, but they indicate that there
are several more direct ways of doing that. In cold regions,
cooling loads are not usually abig issue. Since ventilation can
somewhat increase heat losses in cold weather by removing
solar heat gain on a bare roof and diminishing the insulating
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benefits of snow on a snow-covered roof, thereissomeincen-
tive not to ventilate roofsin cold regions. However, as previ-
ously stated, our investigations of icedamsand iciclesat eaves
have convinced us that ventilation is a very effective way of
resolving problematic icings.

TenWol de and Rose (1999) cal cul ate that the rate of snow
meltisvery slow. They concludethat at an outsidetemperature
of 22°F (-5.6°C), it would take about 2.5 daysto melt aninch
of 7 1b/ft3 (100 kg/m®) snow. They use athermal resistivity of
0.25 hft2°F/Btu-in. (1.7 m-K/W) obtained from the 1997
ASHRAE Handbook—Fundamentals. Mellor  (1964)
discusses the thermal conductivity of snow and how it varies
with snow density. He presents the results of several studies
that collectively indicate that 7 Ib/ft® (100 kg/m®) snow has a
thermal resistivity of about 1.7 h-ft>oF/Btu-in. (11.7 m-K/
W)—about seven times the value mentioned above.

However, we do not feel that the snow density of
7 Ib/ft3 (100 kg/md) is redlistic for most snow on most
roofs. From our involvement in the development of the
snow load information in the national standard used in
the United States by structura engineers (ASCE 2000),
we expect the density of that snow to be closer to 15
Ib/ft3 (210 kg/m?3). From Mellor (1964), thethermal resistivity
of this snow would be about 0.9 h-ft2°F/Btu-in. (6.1 m-K/W).

Using this value, the base of the snow would begin
to melt at the 22°F (-5.6°C) outside “design” temperature
when there are only 9.5 in. (0.24 m) of snow on the roof,
not 16 in. (0.41 m) as TenWolde and Rose (1999) determine.
We conclude that significantly less snow is needed on a
roof to initiate melting than their calculations indicate.

TenWolde and Rose (1999) determine the amount of
heat flowing up through a ceiling with R30 (in SI units,
R 5.2) insulation when the temperature in the attic above
is 30°F (—=1°C). Then they assumethat all thisheat isavailable
to melt snow. In fact, when there is just enough snow on
the roof to raise the temperature at the base of the snow
to 32°F (0°C), there is no melting since the heat entering
the snow from below equals the heat lost out of the upper
surface of the snow. With 16 in. (0.41 m) of snow on the
roof, the base of the snow is at 32°F (0°C) and the heat
flow up into the snow from below exceeds the heat lost
out of the surface of the snow. Melting then occurs. In this
case, the heat flow up into the snow is about 1.19 Btu/
h-ft? (3.8 W/m?) and the heat flow up out of the snow is
about 0.69 Btu/h-ft> (2.2 W/m?). The difference of about
0.5 Btwh-ft? (1.6 W/m?) melts snow. Since it takes about
144 Btu to melt a pound (334 kJ to melt a kg) of snow,
meltwater is being created at about 0.0035 Ib/h over every
square foot of roof (0.017 kg/h-m?). If the upslope length
of theroof is20 ft (9.1 m), 0.07 Ibs of meltwater are available
to build an ice dam aong each foot (0.10 kg/m) of eaves
every hour. In a day that totals about 1.7 Ib/running ft (2.5
kg/running m), in a week it becomes about 11.8 Ib/running
ft (17.6 kg/running m), and in a month it becomes about
50 Ibs/running ft (74 kg/running m), which, considering that
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it forms within existing snow at the eaves, is about a cubic
foot of ice per running foot (0.09 m¥running m). On a 45°
slope, the face of thisice dam would be about 17 in. (0.43
m) high. That is a big dam.

Since cold wesather often lasts weeks or months over
much of the United States, these calculations tend to support
our contention that ice dams of some size can be expected to
develop even on relatively well-insulated, but unventilated,
roofs in cold regions. Our observations, measurements, and
laboratory studies indicate the same thing.

We acknowledge the limitations of the simple calcula-
tions discussed above. For example, solar warming, diurnal
temperature changes, and changes in the boundary conditions
as snow is melted are not considered. Our observations and
those of others(Mackinlay and Flood 1997; Gillan 1998) indi-
cate that, without the “ catalyst” of additional heat gain from a
warm building below, the sun and diurnal temperature
changes seldom create large icings except at very high eleva-
tions such as in the High Sierra. However, when combined
with heat gainfrom below, they probably explain why we have
observed, on occasion, even faster growth of icingsthan these
simplified calculations predict.

We acknowledge that air exfiltration, insulation flaws,
and other weaknesses in building envelopes and other heat
sources under roofs can cause large chronic icings. However,
our investigationsindicate that large icings a so can occur on
well-insulated but unventilated roofs.

The perspective of TenWolde and Rose (1999) has
prompted us to give thought to when and where in cold
regions, roof ventilation (for the purpose of ice dam control)
could be eliminated. In places that experience infrequent
snowstorms, several midwinter thaws, and where the depth of
snow on theroof isrelatively shallow (e.g., seldom more than
about 12 in. [about 0.3 m]), the mechanism for ice dam forma-
tion is limited, particularly for well-insulated roofs. In such
areas, roof ventilation would not be essential for ice dam
control. In places where heavy snow |oads are to be expected
and the climate allows such loads to remain on well-insulated
roofs for many weeks or months, the need for ventilation to
limit ice dam growth is much greater.

Wefindit convenient, relativetoicings, to relatethe need
for ventilation in the contiguous United States to the ground
snow load at a location and the amount of roof insulation.
Ground snow load has been mapped for the United States
(ASCE 2000). That map, which was made by two of the
authors of thispaper, Tobiasson and Greatorex, isalsoin many
model codes and the new International Building Code (ICC
2000). Table 2 presents our recommendations for when and
where ventilation for ice dam control is needed for residential
size roofs. For bigger roofs, the potentia for formation of
ice dams increases and there are more situations where venti-
lation is required. We solicit feedback on Table 2. Table 3
presents ground snow load values for some cities across the



TABLE 2

To Avoid Problematic Icings, Ventilate Residential Size Roofs Under the Following Conditions

Ground Snow Load,
Ib/ft? (kN/m?)
Less than 10 (0.48) No need to ventilate to avoid ice dams.
10to 15 (0.48t0 0.72) Ventilate if the thermal resistance of the roof isless than R10 (1.8).
16 t0 30 (0.77 to 1.44) Ventilate if the thermal resistance of the roof isless than R20 (3.5).
31to 45 (1.481t0 2.16) When the elevation is above 6000 ft (1830 m) ventilate all roofs. Below that elevation, ventilate
if the thermal resistance of the roof is less than R30 (5.2).
4610 60 (2.20 to 2.87) When the elevation is above 3000 ft (920 m) ventilate all roofs. Below that elevation ventilate
if the thermal resistance of the roof is less than R40 (7.0).
61 (2.92) and up Ventilate all roofs.

" Thistable should be considered awork in progress at thistime. Feedback on it would be appreciated.

See Table 3 for ground snow loads at some representative U.S. cities.

TABLE 3
Ground Snow Loads for Some Cities in the United States
Ground Snow L oad Cities
Ib/ft? (kN/m?)
10 (0.48) Norfalk, VA; Memphis, TN; Portland, OR; Tulsa, OK
15(0.72) Louisville, KY; Salt Lake City, UT
20 (0.96) Philadelphia, PA; Detroit, MI; Cheyenne, WY
25 (1.20) Washington, DC; Chicago, IL; Omaha, NB
30 (1.44) Hartford, CT; Milwaukee, WI; Idaho Falls, ID
35 (1.68) Madison, WI
40 (1.92) Boston, MA; Albany, NY; Green Bay, WI; Sioux Falls, SD
50 (2.40) Minneapolis, MN; Portsmouth, NH
60 (2.87) Portland, ME; Duluth, MN
70 (3.35) Bangor, ME; Marquette, M1

* Warning: Do not use these values to interpolate to other places in between.

These values are from site-specific snow load case studies conducted by W. Tobiasson and A. Greatorex of CRREL.

nation to help the reader visualize about where the boundaries
in Table 2 lie.

TenWolde and Rose (1999), in spite of developing many
cogent arguments against ventil ation, recommend attic venti-
lation in cold regions and mixed climates for several
reasons—not just ice dam control—"as an additional safe-
guard.” We agree.

They feel that ventilation of cathedral ceilingsin cold and
mixed climatesis” still acontestedissue” and arguethat cathe-
dral ceilings, properly insulated and sealed against vapor
diffusion and air leakage, can be built without ventilation
when “measures are taken to control indoor humidity.” We
feel that in at least those cold places where ice damming is
likely (as defined in Table 2), cathedral ceilings should meet
the above requirements and be ventilated.

CONCLUSIONS

Our observations, measurements, and calculations indi-
catethat there aretimesand placeswhenroofsaboveatticsand
cathedral ceilings should be ventilated to eliminate the prob-
lems associated with the growth of large ice dams along their
eaves. Table 2 in this paper provides recommendations as to
when and where ventilation is needed for this purpose. Equa-
tion 1 or Figures 3, 4, and 5 can be used to size inlet and
exhaust openings of attics. Figures 7, 8, 9, and 10 can be used
to size inlet and exhaust openings and airway heights for
cathedral ceilings. With these aids, these tasks are quick and

easy.
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