



























































































































































































































































































































































































































































































































































































































































































































































The rain control performance of masonry veneers can be improved only marginally by
dynamic pressure moderation because:

e the testing reported in Chapter 7 shows that mechanisms other than air pressure are
the primary cause of water leakage through masonry,

e  a masonry veneer drained-screen wall design must presume that the veneer will leak
significant quantities of water and so drainage is critical and must be provided in nay
case, and

e pressure moderation of gusts is very difficult, not because of the wall design, but
primarily because of the spatial variability of wind pressures.

The rain control of drained-screen walls with relatively water-impermeable screens (e.g.,
EIFS, vinyl, precast concrete) may benefit from pressure moderation because air pressure
differences are often the most important mechanism by which water can penetrate the
screen. Even so, these systems more often experience rain control problems at joints,
windows, or other penetrations. These joints should be designed as drained screens and
not as perfect barrier systems.

In all cases, drainage is absolutely essential for good rain control in screened wall systems,
and is certainly more important than any contribution from pressure moderation. At this
time pressure moderation may be a beneficial characteristic to strive for, but many other
characteristics are more important. Any contribution to rain penetration control or screen
or connector load reduction should be regarded as possible but not as a quantifiable nor
reliable benefit. Factors such as exposure conditions, the control of rain water on the
surface, drainage, and the quality of workmanship will all play a larger role in the control
of rain penetration than pressure moderation. Even if walls could be made to pressure-
equalise instantaneously, poorly installed flashing, joints, windows and brickwork can still
cause failure, as field experience suggests are in fact the problems.

It may be possible to safely design the enclosure for lower wind loads if a greater
understanding of the structural distribution of static and gust pressures could be
developed. Any possible load reductions should only be implemented once the relative
stiffnesses of the cladding and backup, and the reliability of venting, air flow and air barrier
tightness, have been carefully assessed.
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9. VENTILATION DRYING

The last four chapters examined the nature and control of rain wetting using various
strategies and mechanisms. The moisture control strategy that was developed in Chapter
2 recommended that more attention be given to drying mechanisms.  This chapter
examines the drying of cladding and other parts of an enclosure assembly by ventilation.

As has been discussed earlier, it must be assumed that some proportion of moisture, from
whatever source, that enters the envelope will be stored in some way in the enclosure.
Drainage is often touted as the most important drying mechanism, and has received much
attention of late with regard to drained screened wall systems such as brick veneer, EIFS,
wood siding, stucco, etc. Drained-screened systems are often recommended as the best
systems for all but the driest climates. This chapter will show, however, that drainage
does not necessarily remove sufficient moisture to ensure proper enclosure performance -
other drying mechanisms, essentially diffusive drying and ventilation, must be provided.

Diffusive drying is fairly well understood and appreciated, although the precise calculation
of such drying is still not very accurate because of our limited knowledge of moisture
transport properties through porous materials. One drying mechanism that has not
received the attention it is due is ventilation.

Most cladding systems have relatively low vapour permeability and therefore tend to
restrict diffusive drying. Moisture trapped in or behind the cladding can be transported
into the enclosure by solar-driven diffusion, especially in air-conditioned buildings. Rather
than control vapour diffusion, a 6 mil vapour barrier close to the interior can, in many
instances, exacerbate wetting and greatly retard drying. Ventilation of the space behind
the cladding can be an important means of both drying and avoiding inward vapour drive

wetting.

The objective of this chapter is to develop the physics of ventilation drying, and to
demonstrate the drying potential of this mechanism through theory supported by field
measurements.
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9.1 Background

Enclosure systems constructed of hygroscopic porous materials (e.g., wood, stucco, brick)
can store very significant quantities of water (see Table 4.2). Chapter 4 described how the
capillary forces in a porous building material such as wood, stucco, and brick will continue
to absorb water until the material’s moisture content reaches its capillary saturation
moisture content. Conversely, it can be assumed that drainage cannot begin until either
the saturation moisture content is reached, or the rate of wetting exceeds the rate of
absorption.

With regard to the latter point, it can be shown that most wetting mechanisms deposit
water slowly enough that the majority of the water can be absorbed by many matenals.
For example, condensate tends to deposit moisture slowly and therefore often allows the
material on which condensation occurs (e.g., brick veneer, gypsum or waferboard
sheathing) sufficient time to absorb the deposited moisture. Driving rain deposition occurs
slowly enough that brick veneers and many plasters can absorb a large proportion of the
water (Chapter 7). Therefore, it is reasonable to assume that in most common building
enclosure wetting situations, a material must reach capillary saturation before sufficient
volumes of water will bead on the surface and consequently allow drainage to occur.

The threshold moisture content level that corresponds to most moisture-related damage
mechanisms is often equivalent to that material’s moisture content at approximately
80%RH (see Chapter 4). Figure 9.1 plots the moisture content (in weight percent) versus
relative humidity for several common building materials, and tabulates the difference
between capillary saturation moisture content and the “safe” moisture content level at
80%RH.

Figure 9.1 effectively demonstrates that since any water below saturation cannot be
removed by drainage, a significant amount of moisture must be removed by other
mechanisms in order to reduce the moisture content to below the “safe” level.
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Figure 9.1: Sorption isotherms of some cladding materials

Once stored in the cladding or inner layers (e.g.. wood framing, concrete block, and OSB
sheathing) moisture can in practise only be removed in vapour form. Water from within
cladding can be transported by capillarity to, or near the surface, where it can evaporate
from the exterior surface to the ambient air. Alternatively, drying can proceed toward the
interior of the assembly, where the vapour can be adsorbed by hygroscopic materials, or
pass through to the interior air. Materials within the assembly and not in capillary contact
with the cladding can only dry by vapour diffusion through the cladding or towards the
interior.

In summary, moisture can be removed from a drained-screened enclosure wall in a variety
of ways (Figure 9.2):

1. drainage of free water, driven by gravity

2. capillary transport of bound liquid water to, and evaporation from, the outer
surface of the screen
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3. diffusion and/or convection of water vapour outward through the screen, and
inward into the wall or building interior; and

4. convective flow of exterior air through the air space, (e.g., ventilation).
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Figure 9.2: Moisture removal mechanisms in multi-layer enclosure walls with vented
airspaces

Capillary transport to drier adjoining materials is a redistribution mechanism that may
result in local drying but is not for the assembly as a whole.

Other wall systems, e.g., those without vents, solid walls, or walls with complete capillary
contact, will of course have fewer possible drying mechanisms.

A layer of 6 mille (0.15 mm) thick polyethylene is placed just outside of the interior finish
in many areas of North America, either because of building codes requirements or because
it is deemed good practice. The water vapour permeance of 0.15 mm polyethylene is
generally considered to be about 3 ng/Pa-s-m’?. This permeance is so low that little inward
drying can be expected. Therefore, drying of most modern North American walls can only
proceed to the exterior, although significant amounts of moisture redistribution from outer
layers to inner, or vice versa, may occur.

The diffusive drying of the inner layers of a wall to the outside will be greatly retarded by
cladding with low vapour permeance. For example, ASHRAE [9.1] gives the water
vapour permeance of 90 mm thick brickwork as 45 ng/Pa-s'm’; this qualifies it as a Type 2
vapour barrier. Values used in Britain [9.2, 9.3] range of from 25 to 100 ng/Pa‘s-m® and
in Germany they range from as low as 20 to as high as 400 ng/Pa-ssm®. Recent Canadian
measurements produced vapour permeance values for brick of about 25 to 30 ng/Pa-s'm’
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at low relative humidities and 45 to 50 ng/Pa's'm® at over 91% RH [9.4]. The vapour
permeance of vinyl siding has not been quantified, but since PVC is essentially vapour
impermeable, ventilation is the only means by which vapour can leave an airtight assembly
clad with vinyl. Most synthetic stuccoes (EIFS) have a relatively high vapour permeance,
e.g., the Canadian Construction Materials Centre requires at least 170 ng/Pa-s'm? [9.5]
and many manufacturers quote values of 200 to over 1000 ng/Pa-s-m?.

Ventilating the space behind the cladding with outdoor air therefore offers two major
benefits:

1. relatively dry outside air flow allows evaporative drying of the inside face of
the cladding and outside face of the inner cavity wall, and

N4

water vapour diffusing through the inner parts of the wall can bypass the
vapour diffusion resistance of the cladding and be carried outside.

Thus, ventilation can theoretically increase the drying potential of walls, especially in wall
assemblies that store significant amounts of water in the cladding. It can also reduce the
potential for and severity of wetting by condensation and inward vapour drives.

9.2 Codes and Regulations

Although building codes and regulations may prescribe minimum values for ventilation
flow or venting area for roofs and crawl spaces, rules for walls are rarely codified. The
1990 National Building Code of Canada (5.2.1.2.(1)) [9.6] requires that where a layer
outside the layer with the major thermal resistance significantly resists water vapour flow :

an air space ventilated to the outside or other method of equal effectiveness shall
be provided for removing water vapour that may pass from the high vapour
pressure side through the material with the major thermal resistance.

This clause obviously applies to most claddings — masonry, vinyl and wood siding, and
sheet metal all have low vapour permeance ratings — and a vented air space is traditionally
provided in most wall assemblies designed with these materials.

The Canadian masonry construction standard (CAN3-A371-M84){9.7] requires (§ 5.12.1)
that weepholes with an area of at least 70 mm? every 600 mm be provided at the base of
every masonry veneer wall. This amounts to a vent area of 0.005% of wall area for a 2.4
m high wall and 0.002% for a 5 m high wall. The same clause adds, in a note, that:
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Venting is often required in conjunction with weepholes to permit cavity walls and
veneer walls to function properly.

The recent American masonry standard ACI 530-95/ASCE-95/TMS 402-95 Building
Code Requirements for Masonry Structures [9.8] contains a new chapter on masonry
veneers. Clauses 12.8.3, 12.9.4, and 12.10.2 require a minimum 1 inch (25.4 mm)
airspace; this requirement is provided to ensure sufficient drainage, not ventilation. There
is no minimum requirement for venting. Clause 12.2.2 requires that weepholes have a
minimum dimension of 3/16 inch (5 mm) and be spaced less than 33 inches (825 mm) on
centre.

The Brick Institute of America’s Technical Note # 27 [9.9] provides widely respected
advice on brick masonry screened walls. It suggests that a minimum cavity depth of 50
mm and vent openings at the top and bottom be provided. Although there is no mention
of a minimum absolute venting area, the Note states that open head joints at a maximum
of 600 mm o.c. at the top and bottom of the cavity are acceptable (a vent area of less than
0.1 %) as are 10 mm diameter tubes at 400 mm o.c. (a vent area of less than 0.008%).

Other building codes more precisely prescribe the measures required to ensure that some
ventilation occurs. For example the German masonry design standard, DIN 1053 [9.10]
requires in Clause 8.4.3.2 (double wythe masonry with air space) an airspace at least 40
mm deep and vent openings, top and bottom, with a minimum area of 7500 mm? per 20
m?2 of wall; this is approximately 0.0375% of wall area. The code for stone and ceramic
facade cladding panels, DIN 18 515 [9.11], requires a minimum airspace of 20 mm, and
horizontal slots top and bottom with a vent area of between 1 and 3% of the wall area.
The code for ventilated facade cladding in general, DIN 18 516 [9.12], requires a
minimum 20 mm air space and S000 mm? of vent area per m length of wall, with no
opening dimension less than 20 mm.

The German moisture protection standard, DIN 4108 [9.13], prescribes procedures, and
material and climate values to be used in calculating the resistance of a building assembly
to condensation and driving rain. Using a simple steady-state Glaser diffusion analysis,
DIN 4108 requires the calculation of the diffusion condensation volume during 1440 h of
cold weather and the subsequent evaporation and diffusive drying during 2160 h of
summer weather. The standard requires that the moisture content in the materials not
exceed given values and that annual evaporation exceed annual condensation. Most
natural stone claddings fail to meet these calculations because the vapour resistance of the
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cladding is quite high. Based on long experience, a prescriptive clause in the code
exempts such assemblies from these requirements if an airspace behind the cladding is
ventilated. DIN 4108 provides vapour permeance values for two classes of bricks:
Klinker (hard burned face brick), with a value of between 20 to 40 ng/Pa-ss-m? and Ziegel
(normal structural brickwork), with a value of 200 to 400 ng/Pa-ssm2. It is specified that
the Klinker class of hard-burned bricks should not be used in brick veneer walls that do
not meet the ventilation requirements of DIN 1053 Clause 8.4.3.2 (see above).

In general, European codes are much more explicit and require significantly greater
venting area and airspace depths than North American codes. North American designers
and builders would undoubtedly benefit from more information about how much and what
kind of venting to provide in walls.

9.3 Research by Others

A literature survey found that almost all building-related vent and ventilation drying
research found has been conducted in Europe. Much of the available research focuses on
drained and back-ventilated panel systems and does not consider ventilation of brick
veneer walls.

Several comprehensive studies of ventilation mechanics have been conducted in Europe.
The German texts, Beliftete Dach- und Wandkonstruktionen: Bauphysikalische
Grundlagen des Wdrme- and Feuchteschutzes (Ventilated Roof and Wall Constructions:
Building Physics Fundamentals for Heat and Moisture Protection) by K.W. Liersch [9.14]
and Praktische Bauphysik (Practical Building Physics) by G. Lohmeyer [9.15], and
Chapter 2 of the Dutch text Bouwfysica 1: Warme- en massatransport (Building Physics
1: Heat and Mass Transport) by Hugo Hens [9.16] contain excellent background
information of ventilation flow mechanics. These texts also indicate how important wall
ventilation is considered to be in designing standard wall panel cladding in continental
Europe. The design procedures presented in these texts focus on increasing ventilation
flow in open-joint cladding systems. Little guidance is provided for a designer wishing to
quantify ventilation drying or use brick veneer, EIFS, vinyl, etc. as the cladding.

In Canada, Guy and Stathopoulus [9.17] conducted an analytical study of the effect of
stack-effect-driven ventilation behind cladding. They reported that a cooling load
reduction of 35% of the extreme design value could be achieved using a storey height of
2.4 m, a cavity of 30 to 40 mm, and a vent area of 100% of the cross-sectional area of the
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cavity (i.e., a 30 to 40 mm continuous slot). Halving the venting area reduced the savings
to 29% and doubling the insulation value of the inner wythe at the same time cut the
savings further, to 20%. Reducing the emissivities (from 0.9 to 0.4) and decreasing the
venting area to 25% of the cavity area resulted in savings of as much as 50%. The effect
of wind was not taken into account in their analysis. The cooling effect of ventilation in
winter will, however, increase heating energy consumption. This research showed that
ventilation of a well-insulated wall will not reduce heat gain without large air spaces and
very generous venting.

The Fraunhofer-Institut fiir Bauphysik conducted some important research by field
monitoring ventilation flow and drying effectiveness for different types of panel cladding.
One project measured the ventilation velocity and air exchange rate behind asbestos
cement and wood siding with various types of cavities and venting arrangements. The
cladding was installed over initially wet, aerated concrete blockwork and the moisture
content (and hence drying rate) of these blocks was monitored over a period of two years.
A complementary project involved the field measurement of ventilation behind large
cladding panels on a three-storey building. The details of the research are contained in
two research reports [9.18,9.19] but most of the conclusions can be found in the more
readily accessible reference [9.20]. A summary of the important findings is presented
below:

e The size of the vent openings and the presence of an unobstructed cavity were found
to be the most important wall characteristics affecting ventilation flow .

e The three most important forces affecting ventilation drying were found to be wind-
induced pressure differences, solar-induced buoyancy (stack effect), and solar heating.
Solar heating was important because it increased the air temperature of the cavity air
and thus allowed the transport of a much larger volume of water vapour.

e Hourly average air velocities of 0.05 to 0.15 m/s were measured in the wall cavities
when the windspeed was between 1 to 3 m/s. Wind direction influenced the
ventilation air velocity more than windspeed did. Cavity air temperatures of 20 °C
above the exterior induced cavity air velocities of more than 0.20 m/s even when the
wind velocity was under 1 m/s. Hourly average cavity air velocities of over 0.25 m/s
were recorded when the windspeed was over 7 my/s.

240




e Walls with non-airtight joints (e.g., slate, shingles) were also shown to be ventilated
(using tracer gas techniques), albeit less than intentionally vented walls. The greater
the number of joints and the leakier the joint, the more ventilated the cavity. The
pumping action of the wind was postulated as the ventilation mechanism in these
walls.

e [t was observed that with sufficient ventilation, condensation on the backside of the
cladding rarely occurred.

The researchers drew the following conclusions:

e a clear cavity depth (i.e., accounting for tolerances and potential blockage) of 20 mm
is generally sufficient for panel-type cladding;

e although a large vent area is not absolutely necessary for acceptable wall performance,
it is a practical means of removing trapped moisture, i.e., increasing the drying
potential;

e ventilation is less important if the backup wall or cladding has a low vapour resistance,
or if the cladding itself is relatively air permeable.

The report recommended that:

e the cladding should always be left open at the bottom to allow drainage of any
condensate which may form on the backside of cladding;

e effort be expended on ensuring that no water bridges can occur if materials which are
sensitive to moisture are used in the backup wall; and

e the size of the upper and lower vent openings should be as large as possible, especially
for backup walls which have high levels of built-in moisture.

Schwarz, also from the Institut fur Bauphysik, instrumented an apartment building to
measure the velocity of the air flow in the cavity [9.21]. The 18-storey building in
Hamburg, Germany, was clad with a 1.25 m x 1.35 m open-jointed panel cladding system.
He measured velocities of 0.2 to 0.6 m/s under a range of windspeeds (at 10 m) of 0 to 5
m/s. He found little relationship between building height and cavity ventilation velocity. It
was also found that although lower velocities in the cavity were measured for the lee side
than the windward side, the cavity air velocity on the lee side was usually stable at around
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0.2 m/s for the normal range of wind velocities. The air exchange rate was therefore
several hundred exchanges per hour, and the researchers concluded that vapour diffusion
played a completely insignificant role in the transfer of vapour from inside to outside.

The Norwegian Building Research Institute has measured the pressure gradient in an
airspace behind vertical wood siding on a rotatable test house in Trondheim, Norway
[9.22]. The objective of these studies was the assessment of the cooling effect of air
blowing across and through the fibrous insulation adjacent to the air space. They found
that a wind barrier (not an air barrier) is essential to reduce convective heat loss through
low-density fibrous insulations. This work also showed that the mean pressure gradient
behind the siding was highly correlated with windspeed and wind direction. The influence
of solar heating was not reported. Maximum pressure gradients in the cavity of almost
100 Pa/m were measured during storms with very high wind speeds (about 30 m/s).
Average pressure gradients for all wind directions for a mean windspeed of 3 m/s were
found to be between 0.1 to 0.5 Pa/m.

Akoestisch Advies Bureau Peutz & Associes BV [9.23], a Dutch consulting group,
conducted both a theoretical and wind tunnel study of the potential for ventilation in an
open-jointed, small-panel cladding product. Their analysis and measurements suggested
that properly designed cladding products could, on average, have ventilation velocities of
0.5 to 3 m/s. For Dutch conditions, such large velocities would result in enough
ventilation to ensure that condensation would not occur on the backside of panels for
typical backup wall assemblies. The panel sizes examined, ranging from 200 to 800 mm in
height, were installed over a 20 mm cavity and had full-length open joints 20 mm wide.

9.3.1 Ventilation and masonry veneers

Reports of ventilation drying studies in masonry veneer wall systems are more difficult to
find, and the results tend to be much less conclusive.

Kenneth Sandin [9.24] of Lund University, Sweden, conducted what is perhaps the most
extensive study of ventilation behind brick veneers. The work involved a field study of
different types of brick-veneer clad, wood-frame wall systems for the Swedish
Byggforskningsradet (Building Research Council). The 20 mm wide air spaces in the 2.45
m high and 1.25 m wide test panels were vented by a single head joint in the bottom and a
continuous slot under the eaves. In his measurements of cavity air exchange rates, he
found the open head joint did increase air space exchange rates compared to the rates
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achieved by drainage tubes. In typical weather conditions, air exchange rates of 0.3 to 8
per hour were measured. However, when an entire brick was removed from a panel with
a 50 mm airspace substantial ventilation rates, of 3 to 25 changes per hour were measured.
Although wind was thought to be the primary ventilation mechanism, ventilation rates
during periods when the cladding was warmer than the outside air were almost always
higher than when the cladding was at the same temperature as the outside air. In other
published work [9.25, 9.26], he has questioned the effectiveness of ventilation in a climate
(similar but somewhat wetter than most of Canada) where ventilation drying might remove
3 kg of moisture per month and driving rain could deposit 20 to 50 kg/month. However,
the published data clearly shows that a wide, well-vented cavity significantly reduced the
air moisture content of the cavity and reduced the potential for inward vapour drive
wetting.

The Fraunhofer-Institut fiir Bauphysik has also conducted field monitoring of the moisture
content of brick veneers in walls with and without (the cavity was filled with insulation) an
air space [9.27]. Over about two years, approximately 100 gravimetric measurements
were made of several different walls assemblies built in accordance with DIN 1053. The
authors concluded that the presence of an air space had no effect on the moisture content
of the brick veneer.

The German Institut fiir Ziegelforschung (Institute for Brick Research) conducted a
unique field study of the effect of ventilation on the drying of brickwork [9.28]. A test
building was constructed (in Essen, Germany) with a 40 mm deep cavity and vented at the
top by a 30 mm open joint under the eaves and at open head joints in the bottom course
(every 250 mm). The average ventilation velocity measured was about 0.1 m/s for an
average windspeed of 2.6 m/s. This ventilation velocity was deemed to be slow enough
that the insulation value of the air space was not significantly affected and yet resulted in
an average of 100 air exchanges per hour. Measurements of the moisture content of the
brickwork immediately after construction showed that drying occurred faster on the cavity
side than on the outside. Within three weeks the brickwork dropped from 12% moisture
content by volume to about 1.5%. In a personal discussion, the research engineer (Jung)
indicated that the major obstacle to significant ventilation drying in brick veneer walls was
mortar obstructions in the cavity. Specifying a 50 mm cavity and large venting areas
would, in his opinion, achieve practical results similar to those obtained in the more
controlled study.
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The Laboratorium voor Bouwfysica in Belgium conducted a series of field, laboratory,
and theoretical studies of masonry cavity walls. In a summary report [9.29] the issue of
ventilation behind brick veneers was addressed. It was shown that ventilation has
practically no effect on the heat transmission values of the air space, however, it was also
found to be difficult to quantify the benefit of ventilation to moisture removal rates.
Although it is recommended that ventilation continue to be used in veneer walls with air
spaces, the author then states that only drain openings are required in cavities filled with
insulation because the ventilation rates would be very low in any case. This is also the
approach taken in the German masonry code, DIN 1053.

In a more recent study by the same laboratory, Hens [9.30] reported controlled laboratory
experiments in which air (at 21 °C and 50% RH) was forced into a 70 mm airspace
between two masonry wythes. The results showed that ventilation drying accounted for
30 and 37% of total drying at ventilation rates of 5 and 17.6 m*/(m? h) respectively. The
remainder of the drying was presumed to be by evaporation from the exterior surface.

In a second set of experiments, the same walls were ventilated with 1.8 m3/(m? h) of air at
6.5 °C and 89% RH while an interior wall temperature of 21 °C was maintained. This wall
exhibited no ventilation drying. Based on this evidence the authors concluded that
ventilation does not contribute to drying.

The lab experiments described above employed relatively high air flows: it will be shown
later that flows of 0.2- 2 m3/(m* h) might be expected in well-built brick veneer walls.
The influence of solar radiation, however, was not accounted for. The vapour pressure
difference between the saturated outer wythe and the ventilation air was about 1100 Pa in
the first experiment. In the second experiment, the difference in vapour pressure between
the saturated brick and the ventilation air was at most 100 Pa, more likely it was 40 or 50
Pa. In any wall exposed to the sun, the temperature of the veneer and the air space will be
considerably higher than the ambient temperature. If the sun was shining while the
outdoor temperature was 6.5 °C, the airspace temperature would likely be much more
than this. If higher temperature conditions are considered, the vapour pressure difference,
would be between 500 to 1000 Pa, and a considerable amount of ventilation drying could
be expected, perhaps 20% of the total drying.

244




9.3.2 Discussion

There remains a serious lack of quantitative information of the effect of ventilation on wall
performance. The present design trend in Europe appears to be away from ventilation and
toward more vapour diffusive claddings and paint systems. Little research is being
conducted on ventilated-panel systems because it is generally believed by the research and
building communities that following the present codes will result in satisfactory
performance.

The influence of ventilation on brick veneer walls is little understood and requires much
more research before any conclusions can be drawn. It can be stated that ventilation of
brick veneers is not likely to be the most powerful drying mechanism: evaporation from
the surface of the brick will generally be much more important. However, the extra drying
capacity provided by significant ventilation may tilt the moisture balance in the favour of
durable performance. The greatest restriction to ventilation flow in brick veneers are the
limited vents areas commonly used, and the potential for airspaces blocked by mortar.

Ventilation drying may aid the drying of the materials behind a vapour impermeable
cladding. This is just as important as the drying of the cladding itself. Because of the use
of a capillary break behind the cladding (to control rain penetration), materials on the
inside of the airspace cannot dry directly to the outdoors by surface evaporation, and must
dry into the cavity air.

A major obstacle in assessing ventilation drying is the inability of instrumentation to
measure the moisture content of masonry veneers in situ. Because the ventilation
pressures and flows are so small and the drying rates so low, the accuracy and resolution
of most instruments cannot directly capture the effects. However, the difference in
moisture content between a 97% degree of saturation and 93% is likely the difference
between a brick vulnerable to freeze-thaw damage and one that is safe.

9.4 Forces Driving Ventilation Flow

In this section the primary forces that drive the flow of air through an air space are
identified and described. The intention is to document, quantify, and discuss the relative
significance of these forces and the variables affecting ventilation driving forces.
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There are two primary forces driving ventilation: thermally induced buoyancy (stack
effect) and wind pressures. Thermal and wind pumping, and moisture-induced buoyancy
effects may be secondary forces.

9.4.1 Thermal buoyancy

Solar radiation can cause cladding temperatures of more than 40 °C above ambient under
some conditions. Heat energy is transferred to the air in the cavity, reducing its density.
As the sun sets or passes by the face of a wall, the cladding will lose its heat to the exterior
until the next day when the cycle begins again. The effect of temperature on air density
can generate small but significant ventilation pressures.

The difference in density between exterior and cavity air results in buoyancy and a
pressure difference (Figure 9.3). This buoyancy phenomenon is often described as the
stack effect, and its effect can easily be calculated.

The density of dry air varies with temperature approximately as:
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(Eq. 9.1)

Pa=
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Figure 9.3: Thermal buoyancy
The greater the height of the column of air in the cavity, the greater the potential

difference in pressure. In Pascals, the pressure difference generated by a temperature
difference between cavity and outdoor air is therefore:
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or more approximately, at standard temperature and pressure,

AP = 3465 - Ah - ( -Tl- - ) (Eq. 9.3)
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where T is in Kelvin, pressure is in Pascals, and

h, the vertical distance between vent openings, is in m.

Table 9.1 provides a summary of a reasonable range of conditions and the thermal
buoyancy pressures that might be generated by temperature differences. In general the
cavity air will be warmer than the exterior air. However, for lightweight cladding, nmight-
time black sky radiation can cause the cladding temperature to drop as much as 3-5 °C
below ambient. For most cladding types, a temperature difference of 10°C will occur for a
significant proportion of the time, 30°C will occasionally occur, and a difference of at
least 3°C will occur for most of the time.

Table 9.1: Ventilation pressures due to thermal buoyancy (Pa)

For 0° C outdoor temp Temperature Difference (Cavity - Exterior) |
Cavity Height £3 °C 10°C 30°C
(m) AP (Pa) AP (Pa) AP (Pa)
24 0.33 1.08 3.02
3.0 0.41 1.34 3.77
3.6 0.49 1.61 4.53
4.8 0.66 2.15 6.03
6.0 0.83 2.69 7.54

For a temperature difference between the exterior air and the cavity of 10 °C, the pressure
difference between the top and bottom of the cavity due to buoyancy over a typical 2.4 m
high cavity is about 1 Pa. For tall cavities, the pressure will be proportionately higher.
However, if sufficient venting is provided, the temperature in the cavity may drop as heat
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energy is removed by the ventilation air. Because of the low heat capacity of air, very
high ventilation flows are required to generate significant cooling effects.

9.4.2 Thermal pumping

The daily cycle of heating and cooling of the air in the cavity will generate one diurnal
cycle of expansion and contraction of the cavity air volume. As the air in the cavity
expands, it is forced out through the vents or any other openings (including small pores
and cracks in the cladding). Using the equation for air density as a function of
temperature, the volume of air movement through the cavity due to expansion and
contraction can be calculated. Over the typical range of air temperatures encountered in
buildings, the change in air density is almost linear and, just as for thermal buoyancy, a
simplified equation can be derived:

AV =0.003546 - AT -V (Eq. 9.4)

where AV is the change in cavity volume, V, due to the rise (or fall) of the cavity

temperature of AT (in Kelvin).

Note that the influence of this venting mechanism, sometimes called thermal pumping, is
independent of the venting area. In all practical cases the mass exchange of air due to
thermal pumping is volumetrically very small. For example, for a meter width of 2.5 m
high, 25 mm deep air space, a 30 °C temperature rise will result in the expulsion of: 3.546
- 30 - (2.5 * 0.025) + 1000 = 0.00665 m® = 6.65 litres of air. Since this occurs only once
per day, the equivalent ventilation rate is 0.000077 litres per second.

Although thermal pumping results in the movement of a very small volume of air, it occurs
in all walls, regardless of the size of the intentional vent areas. For walls with no vents, an
air exchange will still take place unless the cladding is perfectly airtight (not the case in
practice) or is very flexible.

9.4.3 Wind pressures

Wind pressures are often more significant for ventilation than thermally induced pressures;
this has been confirmed by most of the research reviewed in Section 9.3. When the wind
blows, gradients of pressure form over all of the surfaces of a building. These gradients
in pressure are due to the vertical gradient of wind velocity (i.e., wind speed increases with
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height) and the horizontal and vertical gradients which form as wind flows around a
structure . In relative terms, vertical gradients will be greater on short squat buildings and
horizontal gradients will be larger on tall, slender buildings.

Vents that are separated by even a small distance will be exposed to different pressures
because of these gradients in pressure. As shown in Figure 9.4, there is a relatively
constant average gradient and an almost random, instantaneous short-term gradient. The
pressure difference between the two vent locations can drive ventilation air flow.
Ventilation can occur through two vents separated either horizontally or vertically.

The mean pressure gradients on many different buildings have been studied extensively.
The distribution of mean pressure coefficients for common building types is shown in
Figure 9.5. (Note, in this context, mean is an "appropriately long time", usually 15
minutes to one hour). Within reason, the lines of equal pressure in these figures can be
scaled to match the size of the building. This scaling implies that the larger the building,
the smaller the pressure variation over a fixed floor height. Therefore, the ventilating
pressures over a floor height on an exposed three-storey building are expected to be much
more than in a thirty-storey building with the same aspect ratio.
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Figure 9.4: Wind-induced ventilation pressures

When exposed to a wind acting perpendicular to the face, a typical, rectangular apartment
building will have a pressure coefficient value of 0.7 or 0.8 near the centre. This value will
drop quickly to O or less near the edges . If the wind acts at 45° to the face, the maximum
mean pressures might be slightly lower and will reduce to zero or less at the edges. Walls
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parallel to the wind flow will generally experience negative pressures (which can be just as
effective for ventilation as positive pressures) with significant gradients.

Wind Streamiines On A Building Face

A

/e

Perpendicular Wind: 8=90b Quartering Wind: 8=135Pb

Mean Windward Face Pressure Distributions & Secondary Flows

Figure 9.5: Wind, air flow , and pressure gradients on a building
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Pressures on the leeward faces will be negative and more uniform than on the other faces.
A recent wind-tunnel study [9.31, 9.32] of mean pressure gradients on the face of large
apartment building models by the Boundary Layer Wind Tunnel Laboratory at the
University of Western Ontario provides some very useful information regarding the
potential size of ventilation pressures.

Section 9.7 presents some experimentally measured pressure differences.

9.4.4 Wind pumping

A cavity with one vent hole is normally considered vented but can, to some extent, be
“ventilated" by wind-induced pressures in a manner similar to thermal pumping. The
changing wind pressures at the vent hole location will compress and decompress the
volume of air in the cavity. Thus, a small volume or slug of air will move into and out of
the cavity. Over the period of hours or days, the volume of air displaced will accumulate.
Although only air near the vent hole itself is exchanged, air has a very low vapour
diffusion resistance and moisture in the cavity somewhere other than the vent hole can
move rapidly to the vent hole by diffusion and convection (induced by both thermal and
vapour differences throughout the cavity volume) within the cavity.

The change in volume due to compressibility (i.e., the volume of air exchange from
pumping) because of an increase in exterior pressure can be calculated from Charles' Law
as:

AVpuming * Veavity (Eq. 9.5)

AP
P
where Vi, is the air volume of the cavity

AP is the pressure change

P is the absolute atmospheric pressure (typically about 101 300 Pa)

The above relationship is based on the assumption that the volume of the cavity does not
change. Cavities formed by flexible materials (e.g., those with non-adhered membranes as
air barriers) will allow a much greater volume of air movement.

Figure 9.6 plots the ventilation flow rate as a function of the gust rate for two common
walls: a one square meter cladding panel over a 25 mm air space and a floor height brick
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veneer over a 50 mm air space. Measured pressures confirm that the gust rate is typically
in the 1 to 10 Pa/s range for the vast majority of the time. = On average the pumping
ventilation rate is likely to be less than 0.01 litres per second. For gust rates of between
10 and 100 Pa/second, the ventilation flow rate is small but may be reasonably useful (e.g.,
less than about 0.1 litres per second).These results have two implications.

First, a relatively small transfer of air takes place because of pumping; it is not a very
efficient means of ventilation. Unless the cavity has a flexible wall (which is very
detrimental to pressure moderation performance), the ventilation flow is unlikely to be
beneficial. Nevertheless, for walls clad with vinyl siding (which have a vent opening only
at the bottom of the “airspace”) over building paper or housewrap (very flexible), this
pumping may be the most important ventilation mechanism.
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Figure 9.6: Ventilation flow as a function of gust speed
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Secondly, consider pressure moderation across the screen. The flow of air necessary to
moderate a significant percentage of the pressures acting on the screen is very small.
Flows of 0.1 Ips are easily achieved through most wall vents with very little restriction and
hence pressure drop (e.g., the pressure drop across an open head joint would be less than
0.1 Pascals). Higher gust rates, e.g., 500 or 1000 Pa/s, which may occur for a few
seconds per storm, will still only require flow rates of less than 1 litre per second to
equalise pressures. These flow rates through an open head joint produce a pressure drop
of about 3 Pa through an open head joint, i.e., only 0.3% of the applied pressure gust rate!

Hence, if compressibility of the air were the limiting factor, the pressure variations that a
pressure moderated wall is exposed to could be well moderated — practically equalised —
by small flows of air through relatively small vent areas. As described in the previous
chapter, the degree of pressure moderation is generally controlled by the size of spatial
pressure variations, not by the venting area. From a practical design point of view, this
means that the level of pressure moderation can be increased by increasing
compartmentalisation (an expensive solution) and not simply by increasing vent area (a
relatively inexpensive solution).

9.4.5 Moisture buoyancy

As described earlier, temperature affects air density. The moisture content of air also
affects the air density slightly. Air with water vapour has a lower density than dry air.
Employing ideal gas law relationships [9.1], one can calculate the mass of water vapour

where

w,, is the mass of water vapour (kg)
py is the partial pressures of water vapour (Pa)

V is the volume of moist air (m?), and

R, is the gas constants for water vapour (461.5 J/kg-K).
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The difference in density of two air masses at the same temperature but with different
moisture contents can cause convective air flow within the cavity. Such convection is
useful because it ensures that moisture is well distributed and mixed throughout the air in
the cavity.

The difference in air moisture content between the cavity and the outside generates
buoyancy forces which drive air flow in the same manner as thermal buoyancy. Table 9.2
contains the results of calculations of the pressure difference generated by moisture
buoyancy alone in wall cavities of different heights with a saturated inner wythe (i.e.,
100% RH). The exterior air was assumed to be at 10 °C and 85% RH. Changing the
exterior temperature changes the results significantly because the relationship between
vapour pressure and air temperature is highly non-linear. Increasing the outdoor
temperature to 20 °C almost doubles the calculated pressures, and reducing the outdoor
temperature to O °C will decrease the results by almost 40%.

Table 9.2: Moisture buoyancy ventilation pressures (Pa)

Temperature Difference Between Airspace and Exterior
Cavity Height (m) 3°C 10 °C 30 °C
1.0 0.03 0.09 0.42
24 0.08 0.22 1.01
3.6 0.12 0.33 1.51
4.8 0.16 0.44 2.02
6.0 0.20 0.54 2.52 |

Note: Outdoor air at 10 °C and 85%RH.

For the case where the outside temperature is 3 °C cooler than in a 2.4 m high cavity , a
driving pressure of only about 0.08 Pa would be generated. If the outdoor air is 30 °C
cooler (e.g., a sunny day), pressures of 1.0 Pa would be generated, even with outdoor
humidities of 85%.

A comparison of these resuits to the thermal buoyancy results shows that moisture
buoyancy is a smaller but not insignificant ventilation driving force. The size of the
moisture buoyancy force is highly dependent on the exterior air conditions. While thermal
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buoyancy will act whenever the cavity temperature is greater than ambient, moisture
buoyancy occurs only when the cavity air has a higher moisture content than the ambient,
i.e., when the sides of the air space are wet and the exterior air is dry. These are precisely
the conditions amenable to powerful ventilation drying.

On a calm sunny day in the spring or fall, a wall with a wet screen or inner wythe may be
subject to combined moisture and thermal buoyancy pressures of 3 to 5 Pa for several
hours per day. The moisture buoyancy pressures will steadily decrease as the inner wythe
or screen dries and increase dramatically under solar heating. Naturally, wind pressures
may augment or detract from these pressures.

9.5 Ventilation Drying Physics

To simplify calculations it is assumed in the development below that the matenals
comprising the sides of a cavity are wet (e.g., at or almost at 100% RH) and provided
with a constant supply of water by capillary conduction from the body of the materials. If
sufficient energy is available, liquid water will evaporate at the surface and enter the air of
the cavity. The magnitude of this vapour transfer can be caiculated using the equivalent
mass transfer coefficients given earlier.

Ventilation will assist drying by replacing the moist air in this cavity by drier outdoor air
and by educing the boundary layer vapour resistance of surfaces. Both of these
mechanisms will be examined in the following two sections.

9.5.1 Air exchange

The process of moisture movement (at a known evaporation or desorption rate) from
cavity materials to a well-mixed chamber can be represented schematically as in Figure
9.7. A well-mixed chamber is a reasonable assumption because variable wind pressures,
internal convection (as a result of temperature and moisture buoyancy) and the low vapour
diffusion resistance of air will allow for fast redistribution of water vapour throughout the
air space. If the rate of ventilation flow is high, the air space will not contain well-mixed
air, but drying will proceed at such a high rate that this inaccurate assumption does not
effect most results.
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Figure 9.7: Simple mixing chamber model of cavity

The flow rate of vapour into the cavity (from the exterior air or, perhaps, from exfiltration
of interior air) plus the flow rate of vapour because of drying will determine the water
vapour balance of the air space and therefore the driving potential for further drying. In
terms of mass fractions (i.e. humidity ratios):

Wy -m; +m m
Wcav = = a". dy) _ Wext + ,dl:y (Eq. 9.6)

where Weay is the humidity ratio of the cavity air (kg water/kg air),

Wyt 1s the humidity ratio of the exterior or ventilating air (kg water/kg air),
m,, is the mass flow rate of water vapour in the ventilating air (kg water /time),
m,;, is the mass flow rate of ventilating air (kg air /time), and

Myyy is the drying rate of the materials adjoining the air space (kg water /time).

The exterior humidity ratio is a climatic boundary condition that will vary with each
analysis. The rate of ventilation airflow can be assessed using the methodology and
information presented in Section 9.7. The drying rate into the air space can be assessed
using the information in Section 9.4.2

9.5.2 Cavity surface drying

As discussed in Chapter 4, the surface mass transfer coefficient can be calculated by using
the Lewis correlation of heat transfer - mass transfer analogy. The surface vapour flow
coefficient in terms of the convective heat loss coefficient, hc, was shown to be:

g =6.4x106h, (Eq. 4.35)
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Convective heat transfer coefficients within airspaces depend primarily on the flow
velocity (Reynolds number), the flow regime (laminar or turbulent), the properties of the
gas (Prandtl number), and the geometry of the flow channel [9.33]. A relationship for
forced convective heat transfer of air in the laminar flow (slow flow) regime between
parallel plates [9.34] is:

0.104-Re-Pr-D; /L
1+0016-(Re-Pr-D, /L)%®

he = k/Dy- [3.66 + (Eq. 9.7)

where, h¢ is the convective heat transfer coefficient,

Re is the dimensioniess Reynolds number as before,

Pr is Prandtl number the dimensionless ratio of a fluids propensity to propagate
shear to its propensity to propagate thermal energy (Pr is about 0.71 for air at
room temperature),

Dy, is the hydraulic diameter (twice the cavity width),

k is the thermal conductivity of air (about 0.026 W/m°C at room temperature), and

L is the length of the flow path.

For Reynolds numbers of 10 to 2300 (i.e., laminar flow) in cavities between 25 to 50 mm
wide and 2.5 m high at normal temperatures the heat transfer coefficient predicted by
Equation 9.2 for these typical wall conditions ranges from 3.8 to 4.4 W/m”. (The range of
Reynolds numbers that can be expected for common air space situation will be discussed
later)

Therefore, from the Lewis correlation, the moisture transfer coefficient, g, for the above
conditions can be found as:

g =6.4x10 h, =24 to 28 x 10 g/ssm?-Pa.

Note that, not surprisingly, the mass transfer of water from a wet surface exposed to air
flow is much greater than that for stagnant air (which is in the range of 1.5 x 10-3) and less
than for an exterior surface (which is about 75 x 10-%).

The calculation of the evaporation rate from fully saturated cavity sides using the above
coefficients is very high, and should be considered as an upper limit. For example, the
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transfer of moisture from a completely saturated brick veneer at 20°C (py sat = 2300 Pa) to
cavity air at 19°C and 80% RH (Py = 1650 Pa) would be:

m, =g - Ap, - At =25 - x 106- (2300 - 1650) = 0.01625 g/s/m? or 58 g/hr/m2.

Naturally, the ventilation air flow through the cavity is insufficient to carry all of this
evaporated moisture away and the RH of the cavity would quickly reach equilibrium with
the wetted face of the cavity, e.g., measurements would indicate a very high RH. The rate
of energy required to evaporate this moisture (2500 J/g x 0.01625 g/s/m? = 40.6 W/m?)
may also not be available. The extraction of the heat of vaporisation from the material
surface at high evaporation rates will cause a significant drop in surface temperature and a
consequent reduction in evaporation rate. Eventually, an equilibrium will be reached
between the ability of the material and the flowing air to transport energy for evaporation
to the surface and the ability of the ventilation air to remove moisture from the surface.

9.5.3 Solar effects

When the sun shines on a wall, it does so with an intensity of as much as 1000 W/m®.
More typically, the sun delivers 100 to 700 W/m® during sunny periods to most wall
orientations [9.35]. Even north walls will receive more than 100 W/m? during daylight
hours. Dark-coloured and rough-textured walls will absorb more than 80% of the incident
solar energy, and smooth white walls in the field absorb at least 30% (atmospheric
pollution of cladding surfaces makes a lower value impractical) [9.1].

The absorbed solar energy increases the temperature of the cladding and outer layers of
the wall while also providing energy for the evaporation of liquid water. A shown in the
previous example, an absorbed intensity of less than 50 W/m? is sufficient to provide the
latent heat required to evaporate more than the ability for normal rates of air exchange to
remove moisture from the air space.

9.5.4 Measured cladding and airspace temperatures

The cladding temperatures for all of for the test walls where measured every 5 minutes
over the duration of the URIF project. The average temperatures for February 1996 and
1997 were calculated for the brick, EIFS and vinyl wall. The average air temperature over
these two period was -5.2 °C and -2.6 °C respectively. Note that the south orientation
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will receive the most solar energy in February. The differences between the average
cladding temperature and the average air temperature are tabulated in Table 9.3.

The south-facing brick wall was, on average, 7.3 °C warmer than the air temperature for
the entire month of February 1996 while there was practically no difference between the
air temperature and the white-coloured EIFS temperature.  Changing the solar
absorptance of the EIFS resulted in a general increase in its temperature, but its lack of

thermal mass did not allow the temperature to reach that of the brick.

In general, red brick veneers were from 2 to 7 °C above the exterior air temperature in
winter, and 4 to 8 °C warmer in summer. The air space behind the brick veneer was
usually 4 to 8 °C warmer than the exterior in summer and winter. This difference in
temperature between the air and the cladding is primarily due to solar effects, although it
is estimated that about 0.5 °C of the total temperature drop is due to the insulating effect
of the exterior boundary layer.

Table 9.3: Average difference between ambient air temperature and cladding
temperatures for February 1996/1997

Brick EIFS (brown) | EIFS (white) Vinyl

| (dark red) (grey)

North 33/5.1 23 1.7 -/ -1.1
South ? 73/6.7 2.5 0.1 -/ 0.0 E
East 3.1/45 1.1 -0.8 - j
West | 21/17 1.5 -0.3 - |

Although many walls were studied in depth, Wall FE, a well-insulated east-facing brick
veneer wall with a clear 30 mm air space is used to demonstrate the results. Figure 9.8
presents a plot of the cumulative distribution of exterior air temperature and brick veneer
temperatures (actually measured 10 mm below the surface) for a three month summer
period (a total of about 2800 hourly averages). Because of solar heating the brickwork
temperature is higher on average (by almost 7 °C) and more variable than the exterior.
This temperature difference significantly increases the potential for drying from both faces
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of the cladding, but the small thermal gradient from the exterior to the interior will on
average drive moisture inwards by vapour diffusion and surface diffusion.

The temperature difference between the air space and the exterior air is very important for
ventilation drying. Figure 9.9 compares the distribution of this temperature difference for
the air space in Wall FE when the wall was vented (summer 1996) and unvented (summer
1997).
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Figure 9.8: Distribution of cladding vs. exterior air temperature over summer period

Two important points are illustrated by the data in the plot. First, the average temperature
in the air space is considerably higher than the exterior air temperature (by about 5 °C) and
this difference is less than the difference between the exterior surface and the outdoor air.
This data, and analysis of many more walls at the Beghut, show that the air space is on
average slightly cooler than the face of the brickwork. This cooler air space temperature
is due both to ventilation cooling and the moderating effect of the brickwork.
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Secondly, the difference in the temperature of the vented and unvented wall configuration
is practically negligible, given the accuracy of the data. A temperature decrease of the
order of 0.4 °C might theoretically be expected to be due to ventilation flow. Hence, the
assumption that ventilation air flow will not cool a wall is valid even for a well-vented

brick veneer.
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Figure 9.9: Distribution of difference between air space vs. exterior air temperature
for vented and unvented brick veneer wall

Because the vapour carrying capacity of air is nonlinearly related to temperature, the

amount of time that the air space is more than about 10 °C above the exterior will have a
disproportionate effect on the drying potential. This is discussed further in Section 9.9.
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9.5.5 Summary

The calculations presented in the previous sections lead to the following important
conclusion:

Because the transfer rate of moisture from a wetted surface to the air is high, and
the volume of air in the cavity is low, it follows that for all practical building cavity
situations, the rate at which moisture can be removed from saturated materials
along the sides of the air space will be dictated by the rate at which moisture in the
air leaves the cavity.

With reference to the stages of drying described in Chapter 4, the above statement can be
expected to be true for the initial portion of Stage 2 drying as well as Stage 1 drying.

The rate of drying from the exterior surface of the cladding by contrast is likely to be
governed by the ability of the material to transport sufficient water to the surface for
evaporation.

9.6 Airflow Through Vents

As has been stated in the literature review, one of the most important wall characteristics
influencing ventilation flow is the resistance to airflow through the vents. Because brick
veneer walls contain relatively few vents, the resistance imposed by the vents is even more
significant. This section experimentally examines air flow through a range of common
wall vents and compares the experimental results to theory.

9.6.1 Vent types
Vents for use in screened wall systems can be divided into three broad types (Figure 9.10):

* Small circular openings and rounded slots. Window frames, curtain walls and some
types of contact siding (vinyl) often use circular or oval openings of 3 to 6 mm in
one dimension and 3 to 25 mm in the other. These vents are usually in a thin
material (0.5 to 3 mm thick) such as aluminum, PVC, etc.

Flow through circular, sharp-edged orifices has been extensively studied.
Theoretically, the sharp-edged circular orifice is also the easiest to analyse and
hence has been chosen as the behavioural datum for this work. Also, flow through
non-circular orifices is often analysed by considering an equivalent diameter
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circular orifice. Therefore, a range of orifices with both sharp edges and square
edges have been studied and compared to the results of existing theory and other
published research. A wvariety of orifice sizes (from 1 mm @ to > 22 mm @) in 3
mm thick plate have been studied. To test the applicability of the equivalent
diameter circular orifice theory to brick vents, a 19 mm @ x 90 mm long pipe was
considered and compared to orifices in thin plate.

Large slotted openings.

v
5#_1/ A _#

T 10 to 100
- full width >

Rectangular Openings Small Round or Oval Openings.
AL 0.5t03
’\ S : 3to6 @ ) / ©

67 i L} le—31to 75->|

Figure 9.10: Typical vent geometries and sizes

* Deep rectangular openings. These openings are used predominantly in masonry
veneers. As such, the standard size is 10 wide, 60 to 80 mm high in elevation, and
85 to 90 mm deep.

Because masonry veneer walls are very common the behaviour of relatively
standard open head joints has been a focus of the experimentation. The ratio of
height-to-width (10:65) and width-to-depth (10:90) places an open head joint
brick vent in a relatively unexplored area of orifice flow. Brick vents cannot be
assumed to behave as an infinitely wide slot (i.e., ignoring the effect of the two
short sides). They are too deep to behave as a square-edged orifice and too
shallow to act as a pipe. In practice, vent inserts are often used to resist direct rain
penetration and to keep insects out; it was thought that these inserts might affect
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the air flow characteristics. The performance of four types of commercially
available vent inserts has therefore also been evaluated.

 Large slotted openings. Open joints, for whatever reason, in natural stone cladding,
precast panels, and other panel cladding systems are common. Many European
drained and back-ventilated systems utilise a series of horizontal openings at the
panel joints. Depending on the nature of the screen, the width ranges from about 5
mm to 20 mm and the depth (thickness of the screen) from about 10 to 100 mm.

Semi-continuous slots (i.e., slots with a length many times their height or width)
are sometimes used for venting cavities in the building envelope. Slots of this
nature, because of the large venting area, provide comparatively little resistance to
airflow. The width-to-height aspect ratio of a brick vent (approximately 1:7)
represents one extreme of expected deep slot behaviour. A higher aspect ratio
(1:15) and shallower (i.e., thinner cladding) slot will provide less resistance to
flow; such slots can be realistically modelled as infinite-length, square-edged
orifices.

9.6.2 Orifice flow: Basic theory

The volumetric fluid flow rate through a sharp-edged orifice as a function of a pressure
difference is usually described by the relationship [9.36]:

Q=C4-A- %AE, (Eq. 9.8)

where Q is the flow rate,

A is the area of the orifice,

p is the mass density of the fluid,

AP is the air pressure difference, and

C is a factor that accounts for friction and turbulence losses.
This relationship can be derived from Bernoulli's basic flow equation. The value of Cq
(the so-called discharge coefficient) must be applied to match actual measurements and

can be derived analytically only for some unique situations. The discharge coefficient
comprises two parts: the contraction coefficient, Cc, and the velocity coefficient, Cy. The
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former coefficient accounts for the fact that the flow narrows as it flows through the
orifice. The second coefficient accounts for losses due to friction and turbulence.

For turbulent flow through a circular sharp-edged orifice, Kirchoff calculated a discharge
coefficient of m/(r+2) = 0.611; this is still commonly used as a datum in much of the
building science literature.

Flow through deep orifices, cracks, or slots can be better described by the more general
power law expression:

Q=Cq-A (—2—38) (Eq. 9.9)

where all variables are as before but the square root has been replaced by the flow
exponent, n.

For sharp orifices and large openings and turbulent flow, the equation simplifies to the
same equation as before (i.e., n = 0.5). For laminar flow, the choice of a higher value of n
(but always less than 1.0) provides a better fit to the data and is theoretically more
acceptable. A flow exponent of 0.5 indicates that the flow is completely turbulent. An
exponent of 1.0 indicates that the flow is completely laminar.

Although the power law form is widely used to relate the pressure drop and the flow rate
through building envelope assemblies and components, it should be noted there is still
debate in the literature over the validity of this law [9.37, 9.38, 9.39, 9.40], especially at
low flows and for small opening sizes. Quadratic expressions, for example, are more
dimensionally consistent and just as accurate. ASHRAE [9.1, pg. 2.13, Fig. 18] suggests
that the power law can be used to describe flow through normal orifices for Reynolds
numbers as low as 100 (the Reynolds number, discussed later, is a non-dimensional
number which relates inertial to viscous forces in fluid flow). The discharge coefficient for
an orifice is predicted to remain between 0.60 for 0.70 for most practical flow conditions.
Until more compelling experimental results prove otherwise, the power law is likely
appropriate and presumably sufficiently accurate for the vent openings of interest and the
flow rates that occur in wall vents.

Orifices that are very carefully calibrated for use as international (e.g., ISO) or industry
(e.g., ASTM) standards generally have higher discharge coefficients than that derived by
Kirchoff, and, more importantly, the discharge coefficients vary with the speed of the flow
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(more precisely, with the Reynolds number). These standards also tend to restrict the
minimum orifice size to 12 mm. At very high flows, the discharge coefficient will often
converge to a value of 0.61, but flows this high may not occur in building envelopes. The
standards rigidly define the location at which the pressure is measured in order to ensure
repeatable results. However, the choice of pressure tap size and location is based on
practical application and not theoretical considerations; therefore, measured discharge
coefficients rarely match theoretically derived values [9.41].

9.6.3 Static pressure vent tests

The measurement of the flow characteristics of the various vent types over a range of
steady-state flow rates were conducted to allow the more accurate assessment of
ventilation air flow. Note, however, that ventilation flow are likely to be very slow and
somewhat variable, and pressure moderation flows are likely to be highly variable about a
mean that is often close to zero. Matching results from steady-state flow to more realistic
conditions has been attempted so that existing research can be used to validate and extend

our results.

9.6.4 Objective

The objective of the static vent flow experiments was to characterise a vent in terms of the
discharge coefficient , C4, and the flow exponent, n. These values can then be compared
to other research as well as providing a full description of the volume of air flow that can
be expected when a vent is under a given air pressure difference.

9.6.5 Apparatus

The apparatus developed to conduct the steady-state flow experiments consisted of a fan
to produce the flow, 50 mm ducts to transfer the air flow, valves to regulate the flow, and
a 1.2 m long, 250 mm diameter plexiglass pipe to which one of the vents could be
attached. Instrumentation included a group of parallel flowmeters that could measure
flows (from 0.02 V/min to 200 /min), and pressure transducers or a Betz manometer to
accurately measure the pressure drop (from 0.1 Pa to 3000 Pa) with better than 1% total
accuracy. The pressure difference was measured between the pressure in the large pipe
and the ambient pressure in the lab.
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The plexiglass pipe served several functions. Its length ensured that flow from the fan was
stabilised before reaching the vent test section. Its diameter was chosen so that the vent
would be exposed to an approaching flow very similar to that in actual wall vent (i.e., the
diameter of the pipe was very large in relation to the diameter of the vent). The volume of
the pipe was such that it acted as a reservoir and ensured that small, short-term flow
variations were damped out. The transparent pipe also permitted the nature of the flow to
be observed, i.e., smoke could be added to the air flow and the nature of the flow could be
clearly observed.

The commercial vent inserts tested are shown in Figure 9.11.

9.6.6 Procedure

Before beginning each series of steady-state tests, the vent test section was installed and
the vent opening tightly sealed. The leaks in the test system (air flow through
connections, seals, etc.) were then found by applying several large pressures and
measuring the flow. Because the system was exceptionally tight, pressures of over 500 Pa
were often needed to generate measurable system leakage.

The vent was unsealed and the flow and related pressure were recorded at 15 to 30 points
in roughly equal steps of increasing pressure and then in steps of decreasing pressure.
Three or more similar runs were generally conducted. The temperature of the air was
relatively constant and an average of 25 °C during all tests.

The discharge coefficient and flow exponent were calculated from the recorded data using
a least-squares regression analysis.

267




Injection-molded

plastic
holes, each Four columns of 24
square tubes
6f / 110 6f 96
. —...| Made of polyvethylene
b ~ 11 ~10
Cavity Trays of Yeovil Cell Vent

V) of S~

90 /
T 8 upward-sloping 8 slits pressed
65 openings, each 65 into 22 ga metal
l 9 45x4.5mm
YL .L ~/9
-.‘

8 i 12

Goodco Aircraft Style

Open Head Joint

Figure 9.11: Commercial masonry veneer vent inserts tested
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9.6.7 Results

From the literature review and flow visualisation experiments, an understanding of the
behavioural aspects of orifice flow was developed. Figure 9.12 and the discussion below
summarises this behaviour.

Flow through sharp-edged orifices (thickness-to-diameter ratio = t:d < 0.5) was similar to
theory — air was attracted from all directions on the high pressure side and the flow
contracted just past the upstream edge of the entrance. The exit stream was a relatively
sharply defined sharp cone with an angle of 10 to 15 degrees off the centreline, even at
very low flows. This behaviour did not change over the range of pressures tested (1 to
500 Pa). The contraction coefficient, Cg, is indicated in Figure 9.12a.

Flow through deeper orifices (larger t:d ratio), such as the open brick head joint and the
90 mm deep pipe, behaved as shown in Figure 9.12b and c. For low flows or shallow
orifices the flow expanded past the entrance and, although it began to interact with the
exit edge, it remained separated or detached flow. As the flow was increased, or the
orifice was made deeper, the flow would reattach to the sides of the orifice before exiting.
This latter behaviour was unstable, and flow could switch between attached and
unattached flow at the same flow level — this change in behaviour may result in a change in
the flow vs. pressure plot and generate hysteresis effects during a test.

When the orifice is many times deeper than its diameter, the flow consistently reattaches to
the side of the orifice and takes on a stable velocity profile. The reattachment may occur
after as little as 10 diameters from the entrance but may require as much as 100 diameters
[9.49]. If the flow is slow enough, it behaves laminarly and a parabolic velocity
distribution forms. Once the flow passes a threshold flow level and becomes turbulent, a
blunter power-law profile forms. For the deep orifices typically used in buildings (i.e., a
t:d ratio less than about 8), reattachment would not occur for pressure differences greater
than about 0.1 Pascals.

The steady-state flow test results (summarised in Table 9.3) show that simple orifice
theory (i.e., C4=0.61 and n= 0.5) is relatively accurate for the tested orifices with a
diameter of more than 12 mm (t/d < 0.25), as the ISO orifice flow meter standard suggests
[9.42]. The small holes (t/d > 0.5) have higher Cq values (and therefore higher flows) than
predicted by simple theory. This behaviour is predicted by more complex theory and has
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been measured by other researchers. In fact, the measured discharge coefficients for the
tests with t/d > 0.5 are in good agreement with some of the literature [9.43].

Sharp-edged
orifice
=0

Squared-edged
onfice

(i) Orifice: t/d < 0.5
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(i1) Deep Orifice Flow: 10 <t/d < 0.5
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n=0.5
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Figure 9.12: Generalised observed steady flow behaviour through building vents
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Table 9.3: Sharp-edged orifice flow coefficients from steady-state flow tests

Orifice Dia. (d) Depth (t): Pressure / Reynolds Discharge Flow
x Depth () Diameter (d) # Range Coefficient Exponent
[mm] (t:d) (Pa/#) (Cd) (n)
254x3.0 0.12 5-250 / 3227-23085 0.652 0.503
22.65x 3.0 0.13 5-250/2838-20301 0.643 0.503
19.0 x 90.0 4.73 5-250/ 2465-17293 0.673 0.498+
158x3.0 0.19 5-500/2078-21068 0.675 0.503
120x3.0 0.25 5-500/1598-17119 0.666 0.515
6.0x3.0 0.50 5-75 /1 920-3496 0.804 0.493+
3.0x3.0 1.00 5-500/ 527-5443 0.894 0.507
3 (square-edged)x 3 1.00 5-500/ 515-5393 0.868 0.510
1.5x3.0 2.00 5-500 / 248-2941 0.789 0.537

Note: Linear regression best-fit to flow equation Q = C4-A-(AP)? . Simple theory: C4 =0.611.n=0.5
T The value for n cannot. theoretically, be less than 0.5. Experimental scatter explains these values.

The results for the 15.8 mm O orifice are close to simple theory, whereas the 12 mm, 6
mm, and 3 mm have increasing values for Cq4 with flow exponents of almost 0.5. The 1.5
mm O orifice has a smaller C4 than the 6 mm orifice but the flow exponent is larger than
0.5; hence, for the very small orifices, flow at a given pressure is proportionally higher
than predicted by simple orifice theory. The flow exponent begins to diverge from 0.5 for
the smallest orifice because the t:d ratio approaches 2, and thus flow behaves slightly more
like laminar pipe flow (note, for laminar flow n=1.0) despite the sharp-edged bevel. The
brick vent and inserts discussed below also clearly show how the flow exponent reflects
the flow regime. For diameter-to-thickness ratios of more than 2, the flow coefficient

appears to stabilise at about 0.65 with a flow exponent of 0.50.
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The 90 mm deep pipe behaved remarkably like an orifice since, over the pressure
differences tested, it was observed that the flow did not reattach to the sides of the pipe.
The flow in a smaller diameter pipe (say 3 or 6 mm diameter) might have reattached to the
sides of the tube and resulted in more laminar flow (i.e., n > 0.5).

The Reynolds number range of the tests is also presented in the table. The lowest
Reynolds number test for the 1.5 mm orifice was about 250, well within range for which
the discharge coefficient should be valid for. For the larger orifices, such as the 12.0 mm
orifice, the ASHRAE limit of applicability (Re > 100£)[9.1] is equivalent to a pressure of
only 0.025 Pa, at a predicted flow of 0.015 litres per second.

The brick vent (Cq=0.63, n=0.56), despite its rectangular aspect ratio and depth, behaved
in a very similar manner to a large orifice. The discharge coefficient for the brick vent
inserts was not calculated because measuring the area of the openings in the inserts is
difficult. Instead, an equivalent discharge coefficient was calculated based on the full area
of the vent (10 x 65 mm). This method of presentation is also more useful for comparing
the venting efficiency of the different products to each other and to an open head joint.
The flow exponent calculated from the results of the open brick vent tests indicates that
flow begins to diverge slightly from perfect turbulent flow, almost certainly because of the
vent's depth. It is expected that, at very low pressure differences (much less than 0.1 Pa),
the flow exponent will be higher because the flow will reattach to the sides of the vents.

The discharge coefficient and flow exponent of the vent inserts are presented in Table 9.4.
Not surprisingly, the Cell-Vent (n=0.72), essentially a series of 1 mm square pipes 90 mm
long, behaves in a manner much closer to laminar flow than any other configuration. The
other vent inserts did not modify the nature of the flow significantly.

Figure 9.9 plots the pressure-flow relationship of the masonry vents. The commercially
available inserts severely restricted the flow of air. The best insert, Cell-Vent, restricted
flow to less than 15% of the flow through an open head joint. The Goodco, Yeovil, and
aircraft-style inserts all restricted flow to between 5 and 8% of the flow through an
unobstructed vent. Clearly, the flow restriction of all the vent inserts may have serious
negative implications for both ventilation and pressure-moderation.
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Table 9.4: Orifice flow coefficients from masonry vent insert tests

Masonry Vent Type Discharge Coefficient Flow Exponent
(10 x 65 mm head joint) (Cd) (n)
Open 0.626 0.555
Cell-Vent 0.089 0.720
Goodco 0.047 0.515
Yeovil 0.056 0.555
Aircraft 0.030 0.497

Note: Linear regression best-fit to flow equation Q = Cg-A-(AP)? . Area based on an open head joint.
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Figure 9.13: Masonry vent static pressure test results
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9.7 Ventilation Wind Pressure Measurements

Field measurements of the wind and wind pressures on a real building were undertaken to
provide information about the size of ventilation pressures in service. The intent was to
gain a better understanding of normal conditions, not extreme events.

The major variables affecting the ventilation pressures acting on a building are:
1) the size and aspect ratio of the building,
2) the windspeed
3) wind direction, and

4) the location of the vents, on the building and relative to one another

The field monitoring program devised would quantify the last three variables. Measuring
ventilation pressures in the field has been very difficult in the past because such pressures
are small and variable. Advances in pressure measuring technology have removed some of
these difficulties.

The monitoring was conducted on the west wall of the Beghut over the period of
November to December, 1995. Figure 9.14 presents a summary of the five venting
configurations (labelled 1 to 5) comprehensively measured, the dimensions of the test
house, and locations of the pressure taps (labelled A to F).

The wind speed, wind direction, absolute stagnation pressure at point A, and the pressure
difference between point A and the point of interest (pressure taps B to F) was measured
every second. Every 15 minutes the average and standard deviation was calculated, the
record was classified according to wind speed and wind direction and the results saved to
disk. Each of the five venting configurations shown in Figure 9.14 was monitored for a
minimum of one week. Over approximately six weeks, some 3500 records were collected.

The first 5 minutes of a record collected during the field monitoring is presented in Figure
9.15. These pressures were recorded for vent configuration # 1 with the wind coming
from 30° south of due west at an average velocity of 4.4 m/s (slightly higher than the
annual average wind speed) at 10 m. The record was intentionally chosen to include
periods with low windspeeds (as low as 2 m/s) and high windspeeds (over 7 m/s) although
this range is not uncommon in the other records. The figure also plots the maximum
difference measured between the top and bottom vents, the ventilation pressure. The
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following characteristics, which apply to many of the records and match the present
understanding of the wind, should be noted:

as is widely known, the wind speed, wind direction and wind pressures all exhibit
large, short-term variations about their mean values,

the wind speed results in relatively small stagnation pressures at the centre of the panel
(normally between 5 and 20 Pa),

high pressures are well correlated with high wind speeds and vice versa,

the ventilation pressure is significantly smaller than the stagnation pressure, and
equally variable.

— D*"'
I Venting Configurations
10 above 1: A-B Vertical 2.3 m
grade 2: A-C Square diagonal
3: A-D Horizontal 1.8 m
4: A-E Horizontal 3.0 m
5: A-F Diagonal

12

Brick
clad
panels
(1.2x
l4q)

- 10.5 >

Figure 9.14: Set-up for field monitoring of ventilation pressures

For this particular wind direction and venting configuration:

the difference in pressure between the top and bottom vents for this particular record
is about 1/4 of the total pressure at the centre. For the purposes of ventilation, this is
a relatively large force.
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» the pressure at the centre of the panel and the pressure driving ventilation are
somewhat positively correlated. As the pressure increases so often does the
ventilation pressure.

Although the stagnation pressures at the centre of the panel and the ventilation pressures
vary between all of the records, the values could be non-dimensionalised by calculating
ventilation pressure coefficients, i.e. the ratio of the ventilation pressure to the calculated
stagnation pressure of the wind. These ventilation pressure coefficients for each record
were calculated using the average stagnation pressure at the eaves height of the Beghut
(3.2 m above grade), the typical reference location for a low-rise building with a pitched
roof, and the average measured ventilation pressure:
Cov= APvent (Eq. 9.10)

p.v
Pytag

where Pg,, is the average stagnation pressure at the Beghut’s eaves height , and

APyepe 1s the average measured ventilation pressure.

The average calculated ventilation coefficient is a useful means of examining the influence
of vent configuration and wind direction. The coefficient was calculated for all of the
many records collected during the field monitoring. Appendix B contains plots of the
average ventilation pressure for windward and leeward directions versus wind stagnation
pressure.

9.7.1 Mean spatial gradients

The wind pressure gradients on the face of a building vary in space and time. Only the
mean spatial pressure gradients across the building face are discussed below, although the
short-duration dynamic gradients, called spatio-temporal in the literature, may also be
important for ventilation and are dealt with in the next section.

Figure 9.16 summarises the mean values of the ventilation pressure coefficient from the
field monitoring of each of the configurations shown in Figure 9.14 for all wind directions
and speeds and for each wind direction. The value for the mean ventilation coefficient is
based on from 10 to 150 records for that wind direction. The mean ventilation coefficient
(based on from 421 to 1047 records) for all wind directions for each venting configuration
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is shown in the first bar graph of Figure 9.16. The remaining five plots present the
average ventilation coefficients for each wind direction for each of the five venting
configurations.

Appendix B contains statistical summary data and relative frequency plots for each venting
configuration. Figure 9.17 Compares the cumulative frequency of the actual ventilation
pressures measure for each of the configuration. Note that this plot contains the resuits of
the average ventilation pressure of 3287 records without consideration for the wind
direction.

Several important conclusions can be drawn from these results. Vent configuration #1
(two vents separated vertically by 2.4 m) had by far the largest average ventilation
coefficient (0.18) and was the only configuration in which the ventilation pressures
consistently acted in one direction, regardless of the wind direction. The actual ventilation
pressures were, on average, the highest (at 1.0 Pa) for this configuration. These resuits
justify the common belief that the best vent locations to encourage ventilation are at the
top and bottom of an airspace.

The ventilation pressures for most venting configurations were higher for wind acting
directly on the wall (west), but could still be significant when the wind came from the
other direction (easterly). Hence, ventilation flow can occur even on the lee side of a
building.

Consideration of the percentage of time that the wind acts from a certain direction and the
average annual wind speed from that direction allows the calculation of mean annual
ventilation pressures for the test walls in Beghut. In Figure 9.18 the ventilation porential
for each orientation is plotted for the different configurations. The potential was
calculated as the product of the ventilation coefficient, the mean wind speed, and the
number of hours per year that the wind blows from this direction. The potential is
expressed in units of pascal-hours per year and is valid for Waterloo, Ontario and the vent
configurations tested on the Beghut.
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Mean Ventilation Coefficients (Cp,v): All Configurations and Directions
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Figure 9.16a: Mean ventilation coefficients (Avg., Configurations #1 and #2)
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Mean Ventilation Coefficients (Cp,v): Configuration #3
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Figure 9.16b: Mean ventilation coefTicients (Configurations #3, #4 and #5)
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Figure 9.17: Cumulative frequency of average ventilation pressure for all records
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It is clear from Figure 9.18 that some orientations, and some parts of a wall, will receive
several hundred times more wind-driven ventilation than others and that the location of the
vents on the wall can have almost as large an influence. In Waterloo, the wind is
predominately from the west and hence walls exposed to the west receive the most wind-
driven ventilation. In Waterloo, however, the highest load of driving rain wetting is from
the east. The leeward side of a building will also usually have the highest amount of
exfiltration condensation wetting.

9.7.2 Dynamic spatial variations

Short-duration (i.e., less than about 3-5 seconds) gusts can occur over small regions of a
building and create temporary but large pressure gradients. Quantifying the influence of
these variations on ventilation has not been attempted but some pertinent comments and
observations can be made.

One approach to assessing the influence of dynamic spatial variations is to use statistical
measures of the variability of the ventilation pressures. For example, although the smallest
ventilation coefficient for venting configuration #1 (Cp v = 0.007 for wind from the NNE)
suggests little ventilation action, the average standard deviation of the vent pressures for
this direction category was 0.5 Pa. This indicates that the flow direction was constantly
changing but still acting to ventilate the wall. Hence the average value is misleading, and
the standard deviation provides a better measure of the likely ventilation potential.

As another example, consider the ventilation coefficients over all wind directions for
venting configuration #5. Although these coefficients are quite small (in the order of 2-
3%) and the average measured ventilation pressure was only -0.27 Pa, the average
standard deviation was 1.82 Pascals (see Appendix B). This large variability is likely to
force a significant amount of air movement through the cavity. In fact, the high standard
deviation likely has just as significant an effect on ventilation flow as an average 1 Pa
pressure difference.

The spatial extent of gusts is directly related to the wavelength of the wind (i.e., velocity +
frequency) and turbulence [9.44]. As the wavelength increases so does the size of the
gust. For a given velocity, as frequency increases (i.e., the gust duration decreases) the
size of the gust decreases. For a given frequency, as velocity increases so does the spatial
extent of the gust. As turbulence increases, the size of the gusts decreases.
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In a very simple analysis it is possible to postulate a 'gust size' from the statistical
information collected from wind measurements. One suggestion is that a typical gust size
in the wind will be of the order of 1/5 to 1/8 of the wavelength and somewhat smaller in
more turbulent regions on building faces [9.45]. For a velocity of 10 m/s (a strong wind)
and a gust duration of three seconds, a typical gust size would be (1/8 to 1/5) - 10(1/3) =
4 to 6 m in size. For a 4 m/s wind (an average velocity), the same 3-second gust would
have a size of 1.5 to 2.4 m. For a one-second duration gust under similar wind speed
conditions, the gust size would be 1.25 to 2.0 and 0.5 to 0.8 m respectively. Therefore,
short-duration gusts can realistically be expected to envelope only a few of the many vents
in a well-vented wall system. Near building edges or on complicated geometries, the
turbulence will be significant and the gust sizes will be relatively small.

If the gusts are large enough to simultaneously envelop all vents connected to a cavity, no
ventilation will occur because the pressure acting on all vents will be similar. However, a
short-duration gust acting over only one vent will force air into the cavity at the vent over
which it acts. Although this may occur for a short time only, flow through the cavity can
be significant. For walls with a single vent the compression of the air by temporal pressure
variations is so small that little mixing can be expected.

Ventilation flow through windows is somewhat similar to building cavities in that spatio-
temporal pressure variations drive the ventilation. Although difficult to predict, some
research in this direction [9.46, 9.47] has shown that significant ventilation rates can be
achieved by this mechanism alone.

9.8 Predicting Ventilation Flow

In this section fluid mechanics is applied to predict air flow through vents and cavities.
The previous sections outlined the potential driving forces and their magnitude. This
section considers the resistance to ventilation flow (friction in various forms) in the form
of pressure losses. A ventilation flow system balances the driving forces and the resisting
forces.

Figure 9.19 presents a simplification of ventilation flow mechanics through a wall cavity
(either vertically or horizontally). The resistance to flow from points A to B and C to D is
due to the vents. From points B to C, the flow resistance is due to friction with the cavity
walls.

286




Ventilation flow can be seen to be analogous to flow through an orifice into a rectangular
duct and out again through an orifice. Predicting the resistance to ventilation air flow in
this simplified model is developed by first examining the flow through the cavity and then
the flow through the vents.

D.~h JC
14
— { L
Q Avenl L Q— J Avent
' L, Am,e
A DB

Figure 9.19: Air flow model of an air space in a wall

9.8.1 Air Flow in Cavities

Resistance to air flow in the cavity (between points B and C in Figure 9.19) is theoretically
dependent primarily on three characteristics:

1. flow velocity
2. roughness of the sides, and

3. the size (depth) and shape of the cavity.

In practice, a fourth characteristic, the number and size of obstructions and degree of
baffling, can be very important. Because this fourth characteristic depends mostly on
workmanship, it is difficult to quantify. Nevertheless, it is dealt with below.

Friction varies significantly with velocity — the friction depends on whether the flow is
laminar or turbulent. In laminar flow the shear between particles is relatively powerful and
causes the air to flow smoothly. In turbulent flow, the inertia of individual air particles
exceeds the shear between particles. For internal flows (flow where the air is confined on
all sides) the transition between laminar and turbulent flow occurs when the Reynolds
number lies between 2000 to 3000. The Reynolds number is a dimensionless measure of
the ratio of viscous to inertial forces. For standard air conditions the Reynolds number
can be found from the following equation [9.1}]:
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Re=66400-Dy -V (Eq.9.11)
where, Re is the Reynolds number,

Dy, is the hydraulic diameter (or equivalent diameter), and

V is the velocity of the flow.

The hydraulic diameter of an air space can be defined as:

Dy = 2A (Eq. 9.12)

P

where A = b-d is the cross sectional area of an air space b wide and d deep, and

p = 2-d is the perimeter.
Therefore, for a cavity the hydraulic diameter is

D, =4bd+2b=2d (Eq. 9.13)
Figure 9.19 shows plots of the flow rate through cavities and vents versus the Reynolds
number and indicates those regions of flow velocity or flow rate that are laminar and those
that are turbulent. This plot shows that flow can normally be assumed to be laminar over
the typical velocities expected in cavity ventilation. In laminar flow, the pressure drop
across the cavity will vary linearly with velocity. If the flow increases sufficiently, it
becomes turbulent and friction will then increase faster than flow rate. This fact can be

used in design to naturally limit ventilation flows to velocities that are less likely to entrain
water into the cavity through the vents.

The Darcy-Weisbach equation is commonly used [9.36] to give the pressure drop due to
friction in fluid flow through pipes and airflow through ducts:

APgige = f - (L /Dh ) - Pstag (Eq. 9.14)
where f is the friction factor (this accounts for flow velocity and pipe roughness),
L is the length of the pipe, Dy, is the hydraulic diameter, and

Pstag is the stagnation pressure of the air flow, which can be calculated as

Pstag =0.5-p-V2 = 0.6-V?2 for pgir = 1.2 kg/m> .
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Figure 9.20: Laminar and Turbulent Flow Ranges in Wall Cavities
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For laminar flow the friction factor varies simply with the flow rate but also depends on
the shape of the duct. For the two extremes of shape [9.48, 9.49]:

f = 64/(Re-y), circular ducts, and

f =96/(Re-y), channel flow (as in a cavity).

A blockage factor, y, has been included to account for very rough and/or partially
obstructed cavities. This factor is approximately equal to the average reduction in cross-
sectional area caused by the protrusions from the side of the cavity. For clear cavities y=1.
For cavities with small protrusions, say the mortar from bed joints in a carefully
constructed brick veneer or a stone veneer with the normal number of anchors, a y value
of 0.8 might be appropriate. Since many brick veneers have partially blocked cavities, the
value of y may be significantly less than 0.8.

For turbulent flow, the friction factor varies considerably with flow and roughness.
However, a simplified approximation developed by Altshul-Tsal [9.1] is:

25
f=0.11-(—8—+ ﬁ) for f>0.018 (Eq. 9.15)
Dh Re

where ¢ is the absolute roughness. This is defined as the average height of the
projections divided by cavity width.

For ventilation flow through an enclosed cavity, it can be assumed that the flow will be
laminar. Flow velocity is merely flow volume divided by flow area (V= Q/A). Combining
equations, therefore, the pressure loss of laminar air flow through a wall cavity can be

estimated as:
_ V-h _ Q-h
AP cavity — 692"Y'Dh2 - 4610“Y°b'd3 (Eq. 9.16)
where d is the cavity depth,

h is the cavity height,
b is the cavity width,
v is a blockage factor, and

Q is the flow volume (all in consistent units).
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9.8.2 Flow through vents

Two practical building-related cases should be considered: discrete vents that act as
orifices, and continuous slots. Using the standard sharp-edged orifice flow coefficient, the
pressure drop across a vent hole acting as an orifice can be calculated as:

Q \2
APearg = ( ——— =<
v = 0.65 - Aye )

Section 9.5 dealt with theoretical and measured vent flow behaviour and should be
referred to for different flow coefficients and exponents substituted in the equation for
more accuracy.

The change in direction from horizontal to vertical flow is not likely to be a significant
factor for most ventilation flow situations because the flow velocity is so slow. Although
this assumption needs to be proven, it is based on the observation that discrete vents
provide such a large proportion of the total flow resistance in walls that the resistance to a
direction change in an open cavity is, in relative terms, not significant. A small increase in
flow resistance (in the order of 10% of vent resistance) might be in order for high entrance
flows, whereas at very low flows (typical ventilation conditions) no increase would be
necessary.

9.8.3 Flow through slots

For the situation where a continuous (or semi-continuous) slot is provided as a vent, the
cavity tends to provide a significant proportion of the flow resistance, and the change in
direction at the vent becomes important. Based on European research [9.14, 9.16] and
North American HVAC practice [9.1], the following approach is suggested.

Losses are based on a fraction of the dynamic velocity pressure as:

APgiot = f (L/ Dh ) Pgiag =& - Pv =& *(0.5pyr'V?) (Eq. 9.17)
=£-06V2=£-06" (g )

where & is a friction factor,

V is the flow velocity, and
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pair=12 kg/m3.

The flow velocity is referenced to the flow in the venting slot, not the flow velocity in the
cavity.

The following values of £ have long been used in practice by European designers:

S b1
——>_ —>

bo

Entrance: Exit: Rectangular Elbow:
E=05 £ =088
£ = 0.885-(b1/b0)°-36

Figure 9.21: Friction coefficients for duct flow

Note that for slots, the change in direction is more significant to flow resistance and
should be accounted for.

9.8.4 Wall system flow

At equilibrium, the pressure drop across two vent holes and cavity will equal the pressure
drop due to external driving forces, or

AP rive = APyent entrance * APcavity T APyent exit (Eq. 9.18)

For many wall systems with discrete vents and laminar flow the entrance and exit vents
will be of the same type and can be lumped together (for other systems the flow may enter
and leave via different vent types) and the above equation simplified to:

-h
APgrive = 2:APvent + APcavity = 2(0—6—2%\:‘; )2 + m (Eq. 9.19)

In the case of discrete vents, the value of b is the horizontal spacing between vents.

For a panel system with continuous open slots:

APgrive = APgior + APiaviry
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2 -h
= 506(%) + ﬁb_d? (Eq. 9.20)

where, assuming the same slot at the top and bottom of the cavity, the slot entrance, exit,
and direction change resistance can be lumped together as

& =0.5 + 2-{0.885+(d/ds)0-8(+ 884, dsis the slot height

Note: In the case of a panel system with slots, b can be chosen as either a unit
width or the width of one panel.

Therefore, with a knowledge of the driving forces and the characteristics of the wall
system, the ventilation flow can readily be calculated. Figure 9.22 shows plots for the
flow rate through the cavities of typical wall systems and a likely range of driving forces.
A blockage factor of 1, relatively unlikely in brick veneer walls, was used to generate
Figure 9.22.

Walls # 1 and #2 in Figure 9.22 represent ideal versions of walls that are presently being
built. Because of blockage, the flow rates are likely to be smaller than shown. Wall #3
represents a wall designed to increase ventilation; vent area is three times as large as
normal and the cavity is twice as deep (to reduce the chance of blockage). It can be seen
that the flow through this wall is at least twice as much as Walls #1 and #2. Wall #4
represents a panel cladding system applied to a five-storey building. The ventilation flow
through the cavity of this system is more than ten times the flow through a typical brick
veneer wall.
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Wall #1: 2.4 m high, 25 mm deep cavity, full-width 12 mm slot top and 10 x 65 vent @ 600 bottom

Wall #2: 2.4 m high, 25 mm deep cavity, 10 x 65 vent @ 600 o.c. top and bottom
Wall #3: 2.4 m high, 50 mm deep cavity, 10 x 65 vent @ 200 o.c. top and bottom
Wall #4: 12 m high (5 stories), SO mm deep cavity, full-width 12 mm slot top and bottom

Figure 9.22: Ventilation flow versus driving pressure for some typical walls
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9.9 Assessing Ventilation Drying

Given a knowledge of the quantity and quality (i.e., temperature and moisture content) of
ventilating air, an estimate of the maximum drying capacity can be made. However,
several simplifying assumptions need to be made:

1. the air in the space must be considered to be well mixed, i.e., the moisture
content is constant over the whole air space

2. the rate of drying must be controlled by the rate of ventilation flow not the rate
of evaporation from the material along the side of the air space

3. temperature conditions are not modified by the drying process

Field monitoring of various wall systems has shown that the first assumption is quite
accurate under most conditions, i.e., the difference in relative humidity between the top
and bottom of a clear air space is very small. Because the vapour permeance of air is so
high it is difficult for large gradients of air moisture content to form in clear air spaces.
This assumption is no longer valid under high flow conditions near the inlet vent.

The second assumption is valid given that the ventilation flow rate is low and the sides of
the air space are wet. When the materials drop below saturation, this assumption becomes
progressively less accurate. Thus, calculations based on this assumption are maximum
drying rates, or drying rates when the air space sides are saturated; however, it is precisely
these conditions that one is trying to alleviate with ventilation drying.

The validity of the final assumption depends on the drying rate. As demonstrated earlier,
at low ventilation rates the specific heat capacity of air is too low to change the
temperature conditions of the air space air or sides. At low drying rates, the amount of
latent heat required to evaporate moisture is very small and has little effect on
temperatures. Very high drying rates, such as would occur during a sunny period
immediately after a rain event, will depress the temperature noticeably. This assumption
limits the accuracy of calculations during extreme events, i.e., most of the time the third
assumption is valid.
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In summary, the three assumptions listed above are valid for low ventilation flows (i.e.,
those typically experienced) and walls that have wet materials (i.e., those walls that require

drying).
9.9.1 Example calculation

Consider a well-built brick veneer wall system with a SO mm air space and open head joint
vents spaced a 600 mm o.c. top and bottom. Assume that a layer of 12.7 mm chipboard
sheathing (density 700 kg/m’) has been saturated by exfiltration condensation.

If exterior conditions are 7 °C and 85% RH (851 Pa), the outdoor air can store 6.6 g per
m’. If the sun shines on the wall, the air space temperature will rise to at least 20 °C
above the outdoors for 6 to 8 hours, and the air in the space will be nearly 100%RH (as it
must be if the materials lining the sides of the air space are saturated); air at 27 °C can
store 27.6 g per m’. The difference between interior and exterior air of more than 20 g
per m’ is the amount that can be removed by ventilation.  As discussed earlier, ventilation
flows of 0.2 - 2 m3/m*h might be expected in the wall. This flow rate is so small that it
generates flow velocities of only 2.6 to 26 mm/s. Over an 8 hour period at a flow rate of
1 m3/m*h, the moisture content of the materials lining the airspace can drop by 160 g; this
would reduce the moisture content of the chipboard by almost 2%.

Diffusion drying of the sheathing can be calculated in a similar manner. If the sheathing is
at 27 °C and 100%RH (3567 Pa), drying by diffusion would be:

(3567-851) Pa x 46 ng/Pa-s'm” x 3600 s/hr x 8 hrs=3.6 g

In this realistic example, ventilation drying removed more than 40 times as much stored
moisture than diffusion drying.

9.9.2 Equivalent vapour permeance

As has been emphasised earlier, the potential of ventilation is important to screened cavity
walls because the screen often has a relatively high vapour resistance (e.g., brickwork,
inorganic siding, steel, and stone). However, because air flow can be a much more
powerful water-vapour transport mechanism than diffusion, it must be taken into account.
The concept of an equivalent water-vapour permeance (which accounts for ventilation) of
a cavity with an air exchange rate is developed here as a means of assessing the potential
effectiveness of ventilation.
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Using the assumptions listed earlier, it is possible to generate a combined or effective
vapour permeance of a wall layer which includes the effects of both diffusion and
ventilation air flow. The mass of water in air can be found from a form of the ideal gas
law:

we= Py V. (Eq. 9.21)

where wy is the mass of water (kg),
pvis the vapour pressure of water (Pa),
V is the volume of air (m3),

Ry is the gas constant for water (461.5 J/kg-K), and
T is the temperature (K).

For a difference in vapour pressure, assuming well-mixed air, the mass of water
transported by an air volume exchange is:
Ap, -AV

Awy=—"Y —— .9.22
TR T (Eq )

assuming that the temperature difference between the air streams is small. If the
temperature difference is not small, and accuracy is important, Equation 9.21 should be
evaluated at each temperature.

The property that defines the amount of diffusive water vapour transport across a material
layer is called the water-vapour permeance. For a unit change in vapour pressure and
volumetric flow rate, yields a system property which can be considered to be the
equivalent vapour permeance of the cladding due to ventilation air flow.

For an air flow rate of 0.00028 m*/m?- s (i.e., 1 m*/m®- hr), a vapour pressure difference
of 1 Pa, and a mean temperature of 15 °C, the mass of water transferred, is:

l - 0.0028 12
Awy = -10“n
VT 4615- (273 + 15) gkg
=2100 ng / ssm*Pa.
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This value of permeance is over forty times that of a 90 mm brick masonry veneer - this
is the same conclusion reached in the previous example. Such calculations indicate that, at
the very least, small rates ventilation can play a very important role in bypassing the
vapour resistance of the cladding. Even with a ventilation rate of only 0.1 m3/hr, the
transfer of vapour out of the cavity by mass transport is likely to be four to five times
greater than that by diffusion alone.

The air velocity in a cavity 2.5 m high and 50 mm deep necessary to generate 1 m’/m’- hr
of air flow is 0.006 m/s. Compare this velocity to the range of velocities (of 0.05 to 0.5
m/s) measured in the field by some researchers. A velocity of 0.006 m/s is so small that it
is exceptionally difficult to measure and the pressures necessary to generate this small flow
rate are generally considered so small as to be insignificant (i.e., AP << 1 Pascal).
Ventilation drying may have been dismissed in much of the literature because of the
difficulty of measuring such small velocities and pressures. However, the preceding
examples confirms that very small ventilation rates can have a dramatic influence on the
actual vapour permeance of the cladding.

To account for the resistance of the brickwork, a parallel circuit analogy can be used, and
an equivalent resistance and permeance calculated:

S U S M
Requiv Ryvent Ry screen v.vent v.screen

In this case the vapour diffusion resistance of the screen is negligible. Even with a
ventilation rate of only 0.1 m3/hr, the transfer of vapour out of the cavity by mass
transport is likely to be from four to five times greater than by diffusion. Table 9.5 lists the
equivalent ventilation vapour permeance of a screened wall for various ventilation rates.

For some claddings (vinyl siding, metal panels), the resistance to vapour diffusion is very
high and the satisfactory performance of the wall assemblies can only really be explained
by the ventilation, albeit exceedingly small, of the airspace often through small
unintentional openings. The concept of equivalent vapour permeance allows for a rational
assessment of the importance of ventilation air flow to drying. The important role of the
sun and the wind are clear from the assumptions that need to be made for these
calculations.
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Table 9.5: Equivalent vapour permeance for various ventilation flow rates

Ventilation Flow Rate Equivalent Vapour Permeance
(1/m?-s) (ng / sm*-Pa)

0.05 375

0.10 750

0.25 1875
0.50 3750
1.00 | 7 500

| 3.00 22 600 |

Note: By comparison. the vapour permeance of brickwork and wood siding is approx. 50 ng-s'm? /Pa

9.9.3 Ventilation drying potentials

The equivalent ventilation permeance can easily be substituted for the permeance of brick
veneer in a standard Glaser vapour flow analysis. From such analysis it can be shown that
a relatively small ventilation rate (e.g., less than 0.25 lIps) will greatly reduce the chance of
condensation on the backside of a brick veneer.

By making the drying assumptions described earlier (i.e., the cavity sides are saturated and
the drying rate is controlled by the ventilation rate), and using the concept of equivalent
permeance developed above, the maximum ventilation drying rate can be calculated for
various cavity and exterior weather conditions. It is then a rather simple task to generate
drying potential curves given the monthly average exterior conditions.

Figure 9.23 presents the results of such calculations based on equivalent permeance and
using average weather data for Waterloo, Ont. (i.e., the vapour pressure of exterior air
and the vapour pressure within a saturated airspace) for four months of the year. For
example, given a ventilation flow rate of only 0.1 Us'm?, a drying rate of up to 10 g/m*day
can be achieved in January and about 100 g/m*day in July. As demonstrated earlier, flow
rates of 0.5 to 1 I/s'm? could likely be achieved in practice with proper ventilated wall
design and construction. Figure 9.23 indicates that ventilation rates of this magnitude can
remove moisture, even in the winter.
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Figure 9.23: Ventilation drying potential versus ventilation flow for Waterloo, Ont.
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9.9.4 Moisture from the interior

To this point, only moisture stored within the wall has been considered. Ventilation may
also be able to reduce the potential of wetting from several sources.

Calculating the vapour gradient through a typical wood-frame house wall with a low
vapour permeance cladding in a cold climate will show that diffusion condensation can
often occur. In a ventilated wall, the vapour pressure in the cavity would be depressed
and diffusion condensation might be avoided

——Psat = 2200

j}—Psat = 2200 ~ |

-/ —Pvint= 1100 / }—Pv,int=110(

Psat =500 |
Pv ext= 400
Pv,cav=500 |:

Psat =500
Pv,ext=400—¢.

Pv,cav= 400 y’

Non-Ventilated Ventilated
Note: Vapour pressures in Pascals

Figure 9.24: Effect of ventilation on diffusion condensation behind low vapour
permeance cladding

If air leaks through imperfections in the air barrier system of the assembly, considerable
amounts of water may be deposited on the rear of the cladding by exfiltration
condensation. This type of wetting can be very significant in cold climates. Ventilation
not only acts to remove moisture stored from this wetting mechanism, it can also reduce
the probability of it occurring. By maintaining the RH of the cavity at close to exterior
conditions, a ventilated cavity may act like a ventilated attic - so long as a sufficient
amount of ventilation occurs, moist air leaking into the cavity will be diluted and removed
to the exterior before condensation can occur.

For example, consider air at -4 °C (an average temperature over the three winter months),
and 85% RH which contains 3.0 g/m®>. A brick veneer airspace will be several degrees
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warmer, and so ventilation air warmed to 0 °C within the air space can contain 4.9 g/m3 at
saturation. Indoor air at 20 °C and 30% RH which contains 5.3 g/ms, may leak into the
space through the air barrier. If ventilation can remove the excess (5.3 - 4.9 = 0.4 g) of
moisture, condensation on the back of the cladding will be prevented. Therefore, each
cubic meter of leaking air will deliver 0.4 g more moisture than the air in the airspace can
store, but each cubic meter of ventilation can remove 1.9 g (4.9 - 3.0 ) of moisture. In this
scenario, 1 m*/m%hr of ventilation could prevent condensation due to as much as 4.75
m’/m?/hr of air leakage.

Ventilation can also be used to control inward vapour drives. As discussed briefly in
Chapter 4, moisture from saturated cladding will be evaporated because of solar heating.
The high vapour pressure generated can drive significant amounts of vapour inward,
where it can condense on the cooler polyethylene vapour retarder. By allowing the vapour
to escape to the exterior by convection, ventilation reduces this possibility, and also
hastens the drying of the cladding so that it no longer evaporates into the airspace.

9.9.5 Controlling ventilation wetting

Only the drying potential has explicitly been examined in this chapter. There are,
however, cases where ventilation may cause wetting. For ventilation to be of benefit, its
drying potential must be significantly higher than its wetting potential.

For thermally lightweight cladding with well ventilated cavities (metal cladding systems
are especially vulnerable) and roofs, night time condensation can cause wetting. For
example, in Forest’s study of attics with lightweight roof sheathing (plywood and shingles)
and high ventilation rates (2 to 20 air changes per hour), it was found that night-time
ventilation could often cause condensation wetting [9.50]. Even in this study, however,
the best performance was found by ventilating well since interior moisture leaking through
the ceiling added a moisture load to the attic space. Although roofs receive more solar
radiation in the summer than walls, they are more susceptible to ventilation wetting
because the solar gain is not stored in lightweight roofs and the high rates of ventilation
remove some of the heat gain. At night, night-sky radiation causes a much greater
temperature depression for roofs than walls (the temperature reduction is normally
assumed to be at least twice as large as for walls).

Ventilation of crawl spaces can cause wetting even more often than ventilation of roofs.
In this case, the ventilation air is cooled (raising its humidity) because the earth in the
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crawl space is a cold surface. Exacerbating crawlspace moisture problems is the almost
limitless supply of moisture available from the earth. In climates and weather conditions
where the dewpoint of the outdoor air often exceeds the expected crawl space soil
temperature, ventilation is likely to cause wetting and should be avoided.

Maximum and minimum venting areas for these systems must be carefully chosen by
considering the climate, the quality of the air barrier system, solar exposure, and the
interior environment.

For most wall systems, the cladding is warmer than the outdoor air (because of solar
heating, thermal mass, and in winter, outward heat flow) and the possibility and duration
of condensation within the cavity is small This danger of ventilation-induced
condensation exists only if radiation losses reduce the temperature of the cladding below
ambient. The possibility of night time condensation on the inner face of brick veneers can
be practically ruled out because of solar absorption and heat capacity.

If the cavity is faced on the inside with a highly vapour and air-permeable insulation (e.g.,
mineral fibre insulation), condensation on the underlying sheathing may occur in air-
conditioned buildings. This is unlikely to be a problem for most wall assemblies because
the summertime temperature difference between outdoor and indoor air rarely exceeds
10°C and a barrier to air and water flow is often located outside some insulation.

Because significant inward-acting summertime vapour drives occur in all veneer walls and
excessive wind and convective cooling will occur in low-density fibrous insulated
sheathing, a facing should be provided on the exterior (cavity) face of these products.
Such a facing will greatly reduce the probability of summertime condensation induced by
ventilation and inward diffusion, as well as reducing convective heat loss.

The addition of vent openings increases the chance of wind driven rain penetrating into the
cavity. While it is felt that the amount of water penetration through most vents is small or
negligible, this question deserves further research.



9.10 Field Measurements

The absolute air moisture content was calculated on a hourly basis over the summer
period (from April 15, 1996, to August 15, 1996) for each of the panels in the URIF
project that contained a filled cavity or air space. Walls B, F, and C are brick veneer walls
with clear well-vented air spaces. Walls R, W, D, and O are also brick veneer walls, but
the cavity has been completely filled with fibrous insulation. While this insulation may be
air permeable, it provides too much air flow resistance to allow ventilation air flow. Walls
V and E are clad with vinyl siding and EIFS system respectively. They are both well-
vented but not ventilated.

Table 9.6 summarises the average calculated amount of moisture in the air space/cavity
less that in the outdoor air, i.e., the moisture excess.

Table 9.6: Excess moisture content of cavity air (g/m")
from April 15, 1996, to August 15, 1996

Wall N S E w |

B 0.0 0.5 | 1.0 1.3
R 4.1 6.3 6.6 3.4
W NA. | N.A. 5.6 N.A.
E -0.1 0.3 0.0 0.8
D 2.8 5.8 6.4 5.3 *
F NA. N.A. 1.4 N.A.
C N.A. 0.8 N.A. N.A. |
\% -15 -1.4 N.A. NA.
o] 3.7 N.A. N.A. 7.8

Notes: Exterior air moisture content over the period was 9.1 g/m3. Some wall panels/instruments did
not face all orientations: this is indicated with a “N.A.” svmbol.

While the RH in the B wall air space was usually just as high as in the middle of the cavity
insulation in the walls which had their cavities filled with fibrous insulation, the actual
moisture content of the air in most of the filled-cavity walls was significantly higher than in
walls with clear air spaces (e.g., B, C and F) during the later spring, summer and early fall.
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The average moisture content of the air in the air space of the well vented brick veneer
clad B, F, and C walls was slightly higher than that of the exterior air. During the summer
period, the average moisture content of the air space of the B, F, and C walls was about
10 g/m3, (about 10% above the exterior) ranging from about O to 1.4 g more than the
exterior air moisture content during this period.

Although walls E and V do not contain an air space, both are designed to act as if they
have vented cavities. Primarily because both wall types E and V both have non-absorbent
cladding, the air moisture content ranged from 0 to -1.5 g/m3 below the outdoor air. For
unknown reasons, of the four EIFS panels only the west-facing wall showed slightly more
cavity moisture than ambient.

These results indicate that ventilation or venting allows the moisture content of the air to
be approximately the same in the air space as in the outdoor air. Absorbent claddings will
tend to have slightly higher moisture in the air space because these claddings retain rain
water, while non-absorbent claddings will tend to have slightly less moisture than outdoors
(because solar heating maintains the materials at a higher temperature).

To assess the effect on ventilation drying potential of the temperature difference between
the cavity air and the exterior (shown earlier in Figure 9.9), the saturation moisture
content was calculated based on the cavity air temperature for the vented wall FE. This
moisture was subtracted from the actual ambient air moisture content for the same
summer pertod as Figure 9.9. Figure 9.25 plots the cumulative distribution of this
difference, or moisture content excess.

On average, the excess was 8.9 g/m3, indicating a large ventilation drying potential. Of
course as the wall drys, the actual excess will drop until it approaches that of the exterior
air. The data presented in Table 9.6 shows that while this brick veneer wall never dried
completely, it was considerably drier than saturation, likely partially due to ventilation

drying.

The moisture content of the air in all of the filled-cavity walls (which are essentially vented
but unventilated) was considerably higher than the exterior air. For example, walls RE,
RS, WE, and OW were all seriously affected by summertime inward vapour drive wetting,
and all exhibited cavity air moisture contents of 6 to 7 g/m3 (50 to 60%) more than the
exterior air (which averaged 9.1 g/m3) over the entire period. For shorter periods, the
difference could be even larger. On a daily-average basis, for example, wall RE exhibited
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an excess of at least 15 g/m3 for several days. On an hourly basis, excess values of 30 or
more frequently occurred during solar heating. In winter the amount of moisture in the
cavity air had normally dropped to close to that in the exterior air, just as in the ventilated,

partially-filled walls.

1.0 —
. Note: East-facing red brickwork

+ from 960415 to 960815

08 —

0.6 -

Average 89
Median 54

Cumulative Frequency

-5 0 5 10 15 20 25 30
Humidity Ratio Difference (g/m’)

Figure 9.25: Maximum possible moisture content excess for vented brick veneer wall

The B walls exhibited large daily variations in air space moisture content. Typically the
moisture content of the air in the cavity would surge above the exterior (about double the
exterior value in summer) for several hours as solar heating drove vapour from the
brickwork (Figure 9.26). As the wall cooled it would adsorb water, dragging the moisture
content of the cavity down, sometimes below that of the exterior. The filled cavity walls
behaved in the same way, except that the amount of moisture in the air was almost twice
that in the B wall and the moisture content never dropped to that in the exterior air

(Figure 9.27).

The plot of the calculated saturation moisture at the poly shows that condensation could
often occur on the poly, i.e., inward vapour drive wetting was occurring. The wood
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framing in Wall RE became quite wet during the summer, peaking at approximately 45%.
The moisture content of the framing in Wall BE peaked at 12%.
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Figure 9.26: Air space moisture content for a vented brick veneer over a
representative summer week

The EIFS wall acted as a vented (i.e., the moisture content of the air in the cavity followed
that of the exterior even though there was no ventilation flow) and drained filled-cavity
wall with a non-absorbent and water-impermeable screen. The RH in the filled cavity of
these EIFS walls followed a sinusoidal variation, with a minimum RH in the winter (about
45% RH) and a peak (of about 80%) in the late summer / early fall. This RH variation is
due to the variation in the temperature at the middle of the filled-cavity insulation. The
absolute moisture content of the air in the mineral wool behind the screen was usually
lower than that in the exterior but often varied above the exterior for short periods of
time. Note that panel EE had a slightly cracked lamina (caused by vandalism) from late
1995 onward. The presence of this circular (about 70 mm diameter), approximately 0.1
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mm wide crack did not have any noticeable affect on the moisture in the mineral fibre
insulation.
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Figure 9.27: Cavity air moisture content for a filled-cavity brick veneer over a
representative summer week

Figure 9.28 plots the framing moisture content of two different east-facing brick veneer
panels (Walls FE and BE) over the period of a year. The line labelled “vented” is for
1996, and that labelled “unvented” is for 1997. The plot of wall panel BE is for 1997
(1996 was essentially the same). During the summer of 1996 the moisture content of the
vented Wall FE climbed to almost 15%. This is not a dangerous level, but clearly shows
that a small amount of summertime inward vapour drive wetting could occur in the Wall
FE. Wall BE exhibited no such wetting because of the relatively vapour resistant exterior
sheathing (EXPS). It is clear that sealing the vent openings on June 1, 1997 (Day 211)
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had a significant impact on the moisture content of Wall A. This wetting was further
investigated.
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Figure 9.28: Framing moisture content vs. time

The temperature and relative humidity measurements within the wall cavities were used to
calculate the moisture content of the air. Over the summer period, the average moisture
content of the exterior air in 1996 was 9.6 g/m’. Over the summer period in 1997, the
average exterior air content was 9.1 g/m’. The average moisture content of the air in the
airspace of the well-vented Wall FE was 10.9 g/m’: about 1.3 g/m’ higher than the
exterior. During the following summer when Wall FE was unvented, the moisture content
in the airspace was 13.1 g/m’, 4 g/m’ or 44% above the exterior. The well-vented east-
facing Wall BE acted as a control specimen. Its air space moisture content was 1.0 g/m’
(11%) above the exterior during the same period of 1996, and had a moisture excess of
only 0.41 g/m’ during 1997.

Figure 9.29 compares the moisture content of the air in the studspace, air space, and
exterior over a typical week during July for Wall FE when it was vented (1996) and when
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it was unvented (1997). The moisture content in the air space is clearly much more
closely coupled to the exterior in the vented case than the unvented case. Water vapour
that is driven off hygroscopic materials, especially the brickwork, by solar heating enters
the cavity air, but is unable to leave by ventilation in the unvented wall.

The close correlation of the studspace and air space moisture contents in both the
unvented and vented case indicate that the veneer is acting somewhat like an exterior
vapour barrier and that the gypsum sheathing is not controlling the flow of vapour from
the air space to studspace. The high air moisture contents in the studspace of the unvented
wall show that condensation because of inward vapour drives is often occurring.

These plots demonstrate both how ventilation can promote drying, and how it can prevent
wetting from inward vapour drives in the summer.
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Figure 9.29: Hourly moisture content of Wall FE - vented vs. unvented
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9.11 Conclusions

This chapter has undertaken a detailed review of ventilation research, developed theory to
approximate both ventilation flow and ventilation drying, and presented field and
laboratory data that demonstrate the potential for ventilation drying. The following
paragraphs summarise the conclusions developed throughout the chapter.

Ventilation is primarily driven by a combination of wind pressures and thermal buoyancy.
The provision of vent openings at the top and bottom of the cavity will generally allow the
most ventilation by these mechanisms. Field monitoring showed that wind pressures
driving ventilation can be expected to be in the order of 1 Pascal. The flow behind brick
veneers generated by these pressures will be in the order of 0.1 to 1.0 litre per second per
m2. Panel systems can easily achieve useful levels of ventilation flow. Normal amounts
of ventilation will not provide cooling benefits in brick veneer walls, although some small
amount of cooling may be generated by very well ventilated cladding systems.

In normal walls, the ventilation drying rate will be governed by the ventilation flow rate,
not the ability for wet materials to evaporate moisture into the air space. Solar heating
greatly affects the potential for ventilation drying, by increasing both the thermal buoyancy
and the moisture carrying capacity of the air. Ventilation flows can be expected to remove
from 10 to 1000 g/m?/day of moisture from saturated materials behind the cladding,
depending on the exterior environment.

Full-scale testing has shown that standard (10 x 65 x 90 deep) open head joints in masonry
veneers can be considered to behave as orifices with a flow coefficient of approximately
0.65 and a flow exponent of 0.55. All of the commercially available masonry veneer vent
inserts tested greatly restricted flow, some by an order of magnitude.

Although ventilation drying can be recommended as a design strategy, the current practise
for brick veneers does not reliably ensure a significant amount of ventilation. To achieve
the full benefit of ventilation drying, more vent area and clear air spaces must be specified.
Air space widths of 40 to 50 mm are likely required to prevent blockage and thus ensure
flow. Those commercially available vent inserts tested provide too much flow resistance
to be practical. The use of open head joints at 600 mm centres, top and bottom, and air
spaces of over 40 mm should be considered the minimum level of venting required to
provide measurable benefit to brick veneer walls.
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10. CONCLUSIONS

The control of moisture in above-grade enclosure walls has been comprehensively
investigated in this thesis. The moisture balance of wetting, storage, and drying has been
used as a framework, but emphasis was given to driving rain deposition, rain penetration
control, ventilation drying, and pressure moderation. Because of the prevalence and
popularity of brick veneer cladding, wall systems of this type have been a focus for much
of the work.

The most important and general conclusions will be briefly repeated here.
Driving Rain

A relatively simple procedure for predicting driving rain in the wind was developed and
validated with field measurements. It was shown the driving rain varied linearly with
windspeed, rainfall, and a non-linear rainfall-intensity-dependent factor (termed the
Driving Rain Factor). The seasonal and directional variation of driving rain was
examined, as was the distribution of intensity and rain event duration. This site-specific
analysis showed that the amount of driving rain can vary significantly (by a factor of ten)
for different orientations, that the intensity is often less than 5 kg/m%hr, and that the
duration of a rain event is usually between 4 and 20 hours.

Rain Wetting of Walls

The application of another factor (termed the Rain Admittance Factor, RAF) allowed the
rain deposition on the test building to be estimated. Interpretation of other researchers’
results supports the contention that this approach can be used for other building sizes and
shapes in other climates. Results from a tall building strongly suggest that the RAF can be
scaled for different building heights if the variation of wind speed with height is accounted
for. It is recommended that more field monitoring and computer modelling be conducted
to develop a database of Rain Admittance Factors for different building shapes and sizes.

Controlling Rain Penetration

A rain control theory was developed which led to a useful enclosure classification system.
This theory is generally applicable because it is based on the physical processes of rain
water movement (storage, drainage, transmission), not on building tradition, design intent,
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or climate. Study of cladding response resulted in the conclusion that rain absorption and
storage by the cladding can change the response, the possibility of rain penetration, and
the need for drainage.

Pressure Moderation

Frequency domain analysis methods have been proved to be a repeatable and useful means
of analysing pressure moderation performance. The extensive dynamic field pressure
measurements showed that instantaneous pressure equalisation does not occur. The
degree of pressure moderation achieved is limited by dynamic spatial wind pressure
variations in wall systems with large compartments; in the walls tested, a well-built 1.2m
x 2.4m panel was found to moderate only 50% of the dynamic pressures at 1 Hz.
Computer and analytical models based on the compressibility of air greatly over-estimate
dynamic pressure moderation because they do not account for spatial pressure variations.
The amount of venting and the quality of the air barrier were shown to be the most
important wall characteristics affecting pressure moderation.

Controlled laboratory tests showed that realistic air pressure differences do not greatly
increase the rain permeance of brick veneers and, just as significantly, that all brick veneers
should be expected to be water permeable. Therefore, it was concluded that pressure
moderation is not an important or highly effective mechanism for controlling rain
penetration strategy for most walls, especially brick veneers. Venting walls, as current
good practise requires, does provide useful moderation of average wind pressures, and is a
useful feature. Drainage should always be provided in veneer walls unless a climate- and
exposure-appropriate amount of moisture storage is provided (i.e., a mass wall).

Preliminary results indicate that the combined static and dynamic pressure moderation
reduced the structural loads acting on the brick veneer of the test panels under pressures
from wind directions normal to the panel. Much more work needs to be done to quantify
the potential load reductions under glancing wind directions (which generally govern

design).
Ventilation and Ventilation Drying

A significant amount of potentially damaging moisture that cannot be removed by drainage
will be stored in screened-drained walls, especially those constructed of absorbent
materials. This stored moisture may cause performance and durability problems if not
removed, and can also cause wetting of inner enclosure layers if transported inward by
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solar-driven vapour diffusion.  Several of the test panels, all of which had restricted
ventilation capacity, exhibited serious summer condensation wetting by this mechanism.
These conclusions are valid for all absorbent cladding materials, e.g., brick, stucco, and
wood, and are especially significant for air-conditioned buildings. Ventilation is one
means of controlling this wetting mechanism, appropriate vapour resistance behind the
cladding and on the exterior of the insulation is another.

Ventilation flow and ventilation drying of walls were studied in depth with the aid of
available physics. Both calculations and the review of previous research suggest that
beneficial ventilation drying can be realised if sufficient venting is provided.

The concept of equivalent vapour permeance was introduced as a simple aid for the
approximate prediction of ventilation drying. The use of equivalent vapour permeance
allows designers and analysts to easily approximate the potential magnitude of ventilation
drying. It was concluded that the sun and wind have a large and beneficial influence on
ventilation drying; their effect must be accounted for in any assessment of ventilation

drying.

The field measurement of wind pressures, air space moisture contents, and temperatures
behind brick veneers demonstrate the importance of ventilation both as a drying
mechanism and as a means of resisting inward vapour drive wetting. In general, current
brick veneer construction practise does not fully develop the potential benefits of
ventilation drying. More venting and clear air spaces are required to fully exploit the
potential benefits.
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A1. THE BEGHUT

A1.1 Introduction

This chapter begins with a description of the natural exposure and test facility, the Beghut,
in which the panels are installed. The design and instrumentation of the Beghut are
described in Section A3.2.

A1.2 Beghut Design and Details

Sections A3.2.1 and A3.2.2 describe the design and instrumentation of the natural
exposure and test facility into which the test panels were installed.

A1.2.1 Description of Beghut

The Building Engineering Group's outdoor full-scale permanent natural exposure, test and
demonstration facility is known as the Beghut. The facility, which is located on the
University of Waterloo campus, is a square building approximately 10.5 x 10.5 m (34.5 x
34.5") in plan and 3.0 m (9'-10") high floor to ceiling. The walls are oriented in the four
cardinal directions. The roof is peaked to the centre with a slope of 1-in-3. A pipe mast
rising from the central peak of the roof supports a weather station at 10 m (34'-6") above
grade. A second weather station is located 10.0 m (34'-6") from the centre of the west
wall at 3.5 m (11'-6") above grade.

An air-to-air heat pump heating and cooling unit, and supplementary humidification units
maintain the interior climate at 21 °C and 50% relative humidity. A floor-mounted air
distribution system is used to distribute the conditioned air evenly. Four symmetrically
mounted ceiling fans are used to prevent vertical and horizontal stagnation.

The structure is of wood post-and-beam construction with a trussed roof. The foundation
is a 1.2 m (4') high, 250 mm (10") thick unreinforced concrete wall on a S00 mm (20")
wide, 300 mm (12") deep strip footing. The floor consists of a 100 mm (4") thick
concrete slab-on-grade placed on a polyethylene moisture barrier and 150 mm (6") of
granular fill. The corner columns and ring beam are sheathed with plywood, insulated
with 150 mm (6") fibreglass batts, and clad with aluminum siding. The roof system
comprises asphalt shingles, building paper, and plywood sheathing, with an additional ice
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and water shield extending 600 mm (24") up from the eaves. A construction plan of the
Beghut is provided in Figure 3.2.

The roof overhang (200 mm) is sized to prevent shading from the sun under most
conditions. The small overhang and the drip-edge in lieu of eavestroughs provides very
little direct protection from rainfall.

The post-and-beam method of framing allows for installation of seven test panels in each
side (28 total) of approximately 1.2 m (4") wide by 2.4 m (8') in height. This project uses
27 of the wall panel spaces. The last space is reserved for the door, currently on the north
side of the building. Figure 3.2 shows the location of each of the panels in the Beghut.

The test hut is sited on relatively flat land and is fully exposed to winds from most
directions. A two-storey office building located approximately 30 m (100") to the north-
west and a four-storey office building located about 120 m (400') to the west provide
some shelter from these directions.
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Figure Al.1 - Plan of the Beghut
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A1.2.2 Exterior Environmental Instrumentation

The locations of sensors on the weather stations and elevations of the Beghut are
illustrated in Figure 3.3.

The weather station on top of the Beghut has instrumentation to measure wind speed and

direction, exterior temperature, exterior RH, horizontal solar radiation, and rainfall. The
wind speed and direction are measured at the meteorological standard height of 10 m
above grade. The instruments include:

A Young™ Model 05103 Wind Monitor measures horizontal wind speed and wind
direction through a propeller mounted on the front of a vane. The monitor provides a
linear DC voltage proportional to direction and linearly increasing magnitude AC
voltage as wind speed increases. The instrument has a speed range from 1.0 m/s to 50
m/s with a distance constant of 2.7 m for 63% recovery (this means that in a 2.7 m/s
wind, 63% of an instantaneous wind speed change will be measured within 1 second).
The direction is accurate to within S5 degrees in wind speeds over 1.5 m/s.

A Vaisala™ HMP 35A with integral solar radiation and precipitation shield is used to
measure relative humidity and temperature. To measure RH, the instrument uses a
HUMICAP® sensor and a platinum Pt 100 RTD. The RH sensor has a range of 0 to
100% RH with an accuracy of approximately £2% RH and repeatability of better than
1% RH per year. The humidity sensor produces a linearly-varying output in the range
of 0 to 1 volt DC which is directly measured by the hardware and calculated as RH by
the software. The temperature sensor varies in resistance at about 0.38 Ohms/°C; the
voltage drop of a small current flow across this resistance is measured and converted
into a temperature value by the software.

The incident horizontal solar radiation is measured by an Eppley™ pyranometer. The
calibration accounts for the international standard solar spectrum and measures +/-
105 degrees from vertical. This device, recently calibrated by the Atmospheric
Environment Service, generates a small voltage signal proportional to the solar
radiation.

A Rimco™ tipping bucket rain gauge is used to measure horizontal rainfall. The
collector is a meteorological standard 8" diameter funnel, plated with gold to reduce
surface tension effects. The bucket tips once for each 0.2 mm of rainfall. The
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resulting electrical pulse is measured by a dedicated counter chip. Because the gauge
is mounted more than 15 feet off the ground, the catch is reduced by wind effects.
According to Grey’s Handbook of Hydrology, a 10% increase was used to allow for
true catch at grade level.

A second weather station is located 10 m (34'-6") from the center of the west wall of the
Beghut. This second weather station has instruments to measure wind speed, wind
direction and driving rain. These instruments include:

e The Mamac Systems™ Model WE-105-2 Wind Speed and Direction transducer
comprises a 400 mm (16") long vane attached to a potentiometer and a three cup
anemometer driving a generator. The wind speed range is from 0.5 to 44.4 m/s (0 to
100 miles per hour) and direction ranges from O to 360 degrees within S degrees.

e A driving rain collector similar in design to those mounted on the walls faces due west.
A modified tipping bucket rain gauge (by Jarek™) provides a pulse output for every
0.226 liters per square meter of driving rain collected.

Several instruments are mounted on the walls of the Beghut to measure driving rain on
each face. Driving rain is not typically measured and standard instruments are not
available. A driving rain collector was developed and 15 have been manufactured and
installed. The collector is approximately 200 mm in diameter and made of PVC. The
collected water is directed to a 38 mm diameter pipe and the hydraulic pressure head is
measured by a pressure transducer, recorded by the data acquisition system during every
scan. Figure A1.2 provides more details of the driving rain gauge. Figure Al.3 indicated
the location of these gauges on the Beghut.

A1.2.3 Interior Environmental Instrumentation

The interior environment is measured by a Vaisala™ HMP 35A RH transducer accurate to
+/- 2%RH. The sensor is located near the middle of the Beghut at a height of 1.8 m above
the floor. A 3000 Ohm YSI™ thermistor, accurate to within 0.2 °C, measures the interior
temperature. The temperature sensor is located near the RH sensor.
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A2. WALL PANEL DESIGN, DETAILS &
INSTRUMENTATION

This chapter comprises ten similar sections, one for each of the different wall systems plus
sections for the mockup veneers built in the lab and the Beghut. Each section is similar in
structure and intent. The design, construction and instrumentation details for each wall
system are discussed along with a brief explanation of the design and construction details
that make each wall type unique. All of the wall systems were designed / developed with
the full participation and involvement of each sponsor.

Construction and
Section A3. Section A4 outlines the instrumentation procedure and provides specific
details for each type of instrument installed in the test panels.

installation procedures typical of all of the walls are presented in

For convenience, the wall panel descriptions and drawings are summarized in Table A2.1.

Wall Description Horizontal Vertical Section | Instrumentation
System Section (Figure) (Figure) Isometric
Code (Section) (Figure)
R A2.1 A2 R1 A2.R2 A2 R4
\" A22 A2 V1 A2.V2 A2.V4
o A23 A2.01 A2.02 A2.04
F A24 A2 F1 A2.F2 A2 F4
w A2S5 A2. W1 A2.W2 A2.W4
D A2.6 A2.Dl1 A2.D2 A2.D4
C A2.7 A2.Cl1 A2.C2 A2.C4
E A28 A2 El A2.E2 A2.E4
B A29 A2 Bl A2.B2 A2 B4
S A2.10 A2.S1 A2.82 A2.54

X A2.11 A2.X1

Table A2.1 - Wall system descriptions and drawings

327




A2.1 Roxul R Panels

The R panel is a wood framed, brick veneer, filled-cavity wall assembly intended for use in
low-rise residential buildings. The assembly is typical of current residential construction
practice except that the cavity behind the exterior brick veneer has been filled with a
draining insulation. A single layer of Typar™ is positioned and sealed directly at the inner
face of the cavity to act as a wind and water barrier and a secondary air barrier. From the

inside, the wall consists of (Figure A.R1):

taped and painted 13 mm (1/2") drywall,

* 0.15 mm (0.006") polyethylene vapour barrier,

* 38 x 89 mm (2 x 4" nom.) wood framing (see Section A3.1),

* Roxul Flexi-batt™ insulation in the stud space (R 13),

» asingle layer of Typar™ housewrap, sealed with sheathing tape,

* anominal 60 mm (2-3/8") wide vented cavity occupied by S0 mm (2") of Roxul RXL

20™ used as an insulating and draining cavity fill,
 a finger space of not more than 10 mm (3/8"), and
* an 85 mm (3-3/8") brick veneer screen with vents and weep holes (see Section A3.3).

Construction of the wood stud frames for the R paneis was carried out in the laboratory as
described in Section A4.1. Only materials which are specific to the R panels are discussed
in this section. Refer to Section A3.1 for the construction of the typical wall panel frame.

The R wall panels were completed in the following sequence:

1. The Typar™ housewrap was installed on the exterior of the frame using 10 mm (3/8")
staples at 200 mm (8") spacing. Sheathing tape was carefully applied to seal the

housewrap to the sides of the panel to prevent leakage around the edges.
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2. The standard 600 mm (24") high pieces of Roxul RXL 20™ insulation were cut to
405 or 810 mm (16 or 32") in length, and the vertical joints were staggered over the
studs (see Figure A.R3). This was done in order to ensure representative jointing.
The Roxul RXL 20™ was temporarily fastened with plastic-headed nails to prevent

the insulation from falling out prior to the installation of the brick ties.

3. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

4. The brick veneer was installed as described in Section A3.3.

The design of the R wall was developed in conjunction with Roxul. RXL 20, a fibrous
rock wool insulation, was used as the draining and insulating cavity fill because of its
relatively lower cost and greater air and water permeability. A list of some of the physical
properties of RXL 20 are listed in Table A.R1.

Metric Imperial
Dimensions (as delivered) 50 x 610 x 1220 mm 2 x24 x 48"
Thermal resistance (ASTM-C518) RSI = 1.44 m>°C/W R=82HCF ft2/BTU
Density (ASTM-C303) 32 kg/m® 2.01b./ft?

Table A.R1: Some physical properties of Roxul RXL 20™

The lower density and fibrous nature of RXL 20™ renders it vulnerable to damage during
handling, installation and construction. Contact with trowels, bricks and masons' hands
tended to damage the insulation. This would appear to be an issue. To make the RXL
20™ more robust, we would suggest that either a reinforcing scrim be applied to one or

both sides, the binder content be increased, or the density of the product be increased.

The brickwork on the first panel to be clad (R west) was initially laid as close as practical
to the cavity insulation i.e. essentially without a finger space. The masons found that they
had some difficulties in keeping the brickwork plumb because of the lateral pressure
exerted by the mortar as it squeezed out of the bed joint against the insulation. Also, if the
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insulation was not perfectly plumb, the mason had no space to move the veneer inwards;
although compressible, the RXL. 20™ exerted enough outward force to displace freshly
laid bricks. The brick veneer on this test panel was removed and rebuilt with a finger
space of not more than 10 mm (3/8"). All of the remaining filled-cavity (R, O, and W)

walls were constructed with a similar finger space.

During construction of the panels, the RXL 20™ was temporarily fastened with plastic-
headed nails. The brickwork was anchored to the frame using Helifix Tim™ ties. As the
brickwork was installed, the construction team recognized the need to address practical
issues such as:

» how to fasten the RXL 20™ to the wall - nails, brick ties, special staples, adhesives?

» when to fasten it - immediately after the framing or immediately before the brickwork?
The ability of the RXL 20™ to resist up to several weeks of exposure to job site
conditions must also be considered.  Although experience has shown that exposure of
the RXL 20™ does not damage it, how it is fastened and the mechanical damage from

construction traffic must be considered.

» who will fasten it - the framers, the masons, or a separate trade?

The frame, cavity insulation, and brickwork of the R test panels were instrumented
following the typical instrumentation layout and procedure outlined in Section A3.5.
Additional temperature sensors were installed in the north and south panels. These were
located in the right-hand stud at the intersection with the top and bottom plates. The

instrumentation layout specific to the R test panels is illustrated in Figure A.R2.
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Figure A.R1 - Horizontal section through R wall panel
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A2.2 Roxul V Wall

The V panel is a wood-framed wall, clad with horizontal vinyl siding, intended for use in
low-rise residential buildings. The assembly is typical of current residential construction
practice except for the type of fibrous insulating sheathing used. From the inside, the wall
assembly consists of (Figure A.V1):

e taped and painted 13 mm (1/2") drywall,

e 0.15 mm (0.006") polyethylene vapour barrier,

¢ 38 x 89 mm (2 x 4" nom.) wood framing (see Section A3.1),

e Roxul Flexi-batt™ insulation in the stud space (R13),

e 38 mm (1-1/2") RXL 40™ as an insulating sheathing (R6),

e asingle layer of Typar™ housewrap that is sealed with sheathing tape, and

e double 100 mm (4") horizontal vinyl siding.

Construction of the wood-stud frames for the V panels was carried out in the laboratory
as described in Section A3.1. Only materials which are specific to the V panels are
discussed in this section. Refer to Section A3.1 for the construction of the typical wall
panel frame. The V wall panels were completed in the following sequence:

1. The standard 610 mm (24") high pieces of RXL 40™ insulation were cut to 405 or
810 mm (16 or 32") in length and the vertical joints were staggered and over the studs
(see Figure A.3.7). This was done to ensure representative jointing. The RXL 40 was
attached using SO mm (2") plastic headed nails at 610 mm (24") spacing.

2. The Typar™ housewrap was installed on the exterior of the RXI. 40™. Sheathing
tape was used to prevent leakage around the edges of the panel and to temporarily
hold the housewrap until the siding was applied.

3. The vinyl siding was precut in 1220 mm (48") long pieces and attached to the stud
frame with 50 mm (2") long plastic-headed nails directly through the Typar™ and the
RXL 40™.
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4. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

The design of the V wall was developed in conjunction with Roxul. The RXL 40™ was
used as the insulating sheathing because of its density and stiffness. Some of the physical
properties of RXL. 40™ are listed in Table A.V1.

Metric Imperial
Dimensions (as delivered) 38x610x 1220 mm 1-1/2 x 24 x 48"
Thermal resistance (ASTM-C518) RSI = 1.16 m>C°/W R =6.55 HFf2/BTU
Density (ASTM-C303) 64 kg/m? A2.0b./ft?

Table A.V1 - Some physical properties of Roxul RXL 40™

As built, the assembly required three layers of fasteners, one each for the RXL 40™,
Typar™, and vinyl siding. Since only the last of these is necessary in the completed
assembly, further consideration should be given to the methods of fastening:

e the RXL 40™ to the stud frame - nails, special staples?
e the Typar™ to the RXL 40™ and/or the frame - special staples, adhesives?

e the vinyl siding to the studs - nails, staples?

The frame and the cavity insulation of the V test panels were instrumented following the
typical instrumentation layout and procedure outlined in Section A3.5. Additional
temperature sensors were installed in the batt insulation, outside of the Vaisala RH sensor
cover to provide a check on the difference in temperature measurements inside and
outside of the RH sensor. Temperature sensors were also placed on the inside surface of
the vinyl siding and on the outside surface of the Typar housewrap. An RH sensor and 3
pressure taps were installed in the space behind the siding. Three corresponding pressure
taps were installed on the face of the siding. The instrumentation layout specific to the V
test panels is illustrated in Figure A. V2.
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A2.3 Owens-Corning O Panels

The O panel is a steel-framed, brick-veneer, filled-cavity wall intended for use in

commercial buildings. The composition of the O wall is typical of current commercial

construction practice with the exception of the Dritherm insulating and draining cavity fill.

From the inside, the wall consists of (Figure A.O1):

taped and painted 13 mm (1/2") drywall,

0.15 mm (0.006") polyethylene vapour barrier,

a 38 x 89 mm (2 x 4") 20 gauge steel framing (see Section A3.1),
65 mm (2-1/2") Friction Fit batt (R8) in the stud space,

a 13 mm (1/2") exterior gypsum sheathing as a rigid air barrier with joints sealed using
150 mm (6") wide strips of Bakor Blueskin SA™

75 mm (3") vented cavity with Dritherm insulating and draining cavity fill,
a finger space of not more than 10 mm (3/8"), and

an 85 mm (3-3/8") brick veneer screen with vents and weep holes (see Section A3.3).

Construction of the steel frames for the O panels was carried out in the laboratory as

described in Section A3.1. Only materials which are specific to the O panels are discussed

in this section. Refer to Section A3.1 for the construction of the typical wall panel frame.

The O wall panels were completed in the following sequence:

L.

The 65 mm (2-1/2") batts were fixed in the stud space with sheathing tape to prevent
them from falling out of position while the panel was transported. Wire clips would
typically be used in industry.

The standard 1220 x 2440 mm (4 x 8') sheet of 13 mm (1/2") exterior gypsum
sheathing was cut into four pieces to make two vertical joints and one horizontal joint
This was done in order to ensure representative jointing. Each piece of gypsum was
attached using 32 mm (1-1/4") drywall screws at 200 mm (8") spacing around the
perimeter and 400 mm (16") spacing in the field.
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3. The joints in the drywall were sealed using 150 mm (6") wide strips of Bakor Blueskin
SA™ overlapped 50 mm (2"). These strips were also used to seal the gypsum to the
sides of the panel.

4. The Dritherm insulation was delivered from the manufacturer in the United Kingdom.
The standard 455 mm (18") high pieces were cut to 405 or 810 mm (16 or 32") in
length so that the vertical joints were staggered and over the studs in order to ensure
representative jointing. The Dritherm was temporarily fastened to the wood framing
with plastic-headed nails to prevent the insulation from falling out prior to the
installation of the brick ties.

5. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

6. The brick veneer was installed as described in Section A3.3.

The O wall was designed in coordination with Owens-Corning. Dritherm was used as the
draining and insulating cavity fill because it is presently used as a partial or complete cavity
fill in the UK for masonry walls. A list of some of the physical properties of Dritherm

insulation is provided in Table A.O1.

Metric Impenial
Dimensions (as delivered) 75 x 455 x 1200 mm 3x 18 x48"
Thermal resistance (ASTM-C518) RSI = 2.03 m*>C°/W R = 11.50 ft>h-°F/Btu
Density (ASTM-C303) 16.8 kg/m? 1.05 Ib./ft3

Table A.O1 - Some physical properties of Dritherm™

During the construction of the O panels, the Dritherm was temporarily fastened to the
wood framing with plastic-headed nails. The brickwork was installed using prototype lag
bolt fasteners and trapezoidal ties. This created the same concerns as for the Roxul

products

The frame, cavity insulation and brickwork of the O test panels were instrumented
following the typical instrumentation layout and procedure outlined in Section A3.5.
Additional temperature sensors were installed in the north and south panels. These were
located in the right-hand stud at the intersection of the top and bottom tracks. The
instrumentation layout specific to the O test panels is illustrated in Figure A.O2.
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A2.4 Owens-Corning F Panel

The F panel is a steel-framed, brick-veneer, cavity wall intended for use in commercial
buildings. The composition of the F wall is typical of current commercial construction
practice and is intended to act as a datum wall for commercial construction. From the
inside, the wall consists of (Figure A.F1):

taped and painted 13 mm (1/2") drywall,

0.15 mm (0.006") polyethylene vapour barrier,

a 38 x 89 mm (2 x 4") 20 ga. steel framing (see Section A3.1),
65 mm (2-1/2") Friction Fit batt (R8) in the stud space,

a 13 mm (1/2") exterior gypsum sheathing as a rigid air barrier- joints sealed with 150
mm (6") wide strips of Bakor Blueskin SA™,

50 mm (2") AF530 Insulation (R8)
a £30 mm (1-1/4") air space, and

an 85 mm (3-3/8") brick veneer screen with vents and weep holes (see Section A3.3).

Construction of the steel frames for the F panel was carried out in the laboratory as
described in Section A3.1. Only materials which are specific to the F panel are discussed
in this section. Refer to Section A3.1 for the construction of the typical wall panel frame.
The F wall panel was completed in the following sequence:

I.

The 65 mm (2-1/2") batts were fixed in the stud space with sheathing tape to prevent
them from falling out of position while the panel was horizontal.

The standard 1220 x 2440 mm (4 x 8') sheet of 13 mm (1/2") exterior gypsum
sheathing was cut into four pieces to make two vertical joints and one horizontal joint
(See Fig. 3.F3a). This was done to ensure representative jointing. Each piece of
gypsum was attached using 32 mm (1-1/4") drywall screws at 200 mm (8") spacing
around the perimeter and 400 mm (16") spacing in the field.
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3. The joints in the drywall were sealed using 150 mm (6") wide strips of Bakor Blueskin
SA™ overlapped 50 mm (2"). These strips were also used to seal the gypsum to the
sides of the panel.

4. The standard 600 mm (24") high pieces of AF530 were cut to 405 or 810 mm (16 or
32") long so that the vertical joints were staggered and over the studs (see Fig. 3.F3b).

5. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

6. The brick veneer was installed as described in Section A3.3.

The F wall was designed in conjunction with Owens-Corning. The AF530 insulation is
recommended by the manufacturer for use in commercial cavity-wall applications. Its
rigidity makes it easy to work with and durable. Some of the physical properties of
AF530 are listed in Table A F1.

Metric Imperial
Dimensions (as delivered) 51x610x 1220 mm 2 x 24 x 48"
Thermal resistance (ASTM-C518) | RSI = 1.46 m>C°/W R = 8.34 fi2h«°F/Btu
Density (ASTM-C303) 48.1 kg/m’ 3 Ib./fi3

Table A.F1 - Some physical properties of Owens-Corning AFS530™

The brickwork was anchored to the backup using prototype lag bolt fasteners and
trapezoidal ties (see Section 3.A2.4). This raises the same issues as in the other systems.

The frame, cavity insulation and brickwork of the F test panel was instrumented following
the typical instrumentation layout and procedure outlined in Section A3.5. The
instrumentation layout specific to the F test panel is illustrated in Figure A.F2.
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A2.5 Owens-Corning W Panel

The W panel is a wood-framed, brick-veneer, filled-cavity wall intended for use in low-rise
residential buildings. The composition of the W wall is typical of current commercial
construction practice with the exception of the Dritherm, which is being used as an
insulating and draining cavity fill. From the inside, the wall consists of’

e taped and painted 13 mm (1/2") drywall,

e 0.15 mm (0.006") polyethylene vapour barrier,

e a38x 89 mm (2 x4") wood framing (see Section A3.1),

e Fibreglass Friction Fit batt (R12) in the stud space,

e a 12 mm (1/2") oriented strand board with open joints,

e aS50mm (2") vented cavity with Dritherm insulating and draining cavity fill,

¢ a finger space of not more than 10 mm (3/8"), and

e an 85 mm (3-3/8") brick veneer screen with vents and weep holes (see Section A3.3).

Construction of the wood frames for the W panels was carried out in the laboratory as
described in Section A3.1. Only materials which are specific to the W panels are
discussed in this section. Refer to Section A3.1 for the construction of the typical wall
panel frame. The W wall panels were completed in the following sequence:

1. The standard 1220 x 2440 mm (4 x 8") sheet of 12 mm (1/2") oriented strand board
(OSB) sheathing was cut into four pieces to make two vertical joints and one
horizontal joint (See Fig. 3.W3a). This was done in order to ensure representative
jointing. Each sheet of OSB was attached using 38 mm (1 1/2") galvanized roofing
nails at 200 mm (8") spacing around the perimeter and 400 mm (16") spacing in the
field.

2. Three pieces of 910 mm (36") wide building paper were cut 1320 mm (52") long and
were installed with a S0 mm (2") overlap between pieces and at the sides of the panel.
Sheathing tape was used to temporarily fasten the building paper to the frame until
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installation of the brick ties. The joints at the sides and top of the panel were sealed
with sheathing tape.

3. The Dritherm insulation was delivered from the manufacturer in the United Kingdom.
The 75 mm (3") thick pieces were cut to 50 mm (2") thick. The standard 455 mm
(18") high pieces were cut to 405 or 810 mm (16 or 32") in length so that the vertical
joints were staggered and over the studs (see Fig. 3.W3b) and to ensure representative
jointing. The Dritherm was temporarily fastened to the wood framing with plastic-
headed nails to prevent the insulation from falling out prior to the installation of the
brick ties.

4. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

5. The brick veneer was installed as described in Section A3.3.

The W wall was designed in conjunction with Owens-Comning. Dritherm was used as the
draining and insulating cavity fill because it has been successfully used as a partial or
complete cavity fill in the UK for walls with masonry backup. Some of the physical
properties of Dritherm insulation are listed in Table A W1

Metric Imperial
Dimensions (as delivered) 51 x 455 x 1200 mm 2x 18 x 48"
Thermal resistance (ASTM-C518) |RSI=1.35 m?C°/W R = 7.68 ft>h<°F/Btu
Density (ASTM-C303) 16.8 kg/m® 1.05 Ib./f3

Table A.W1 - Some physical properties of Dritherm™

During the construction of the W panels, the Dritherm was temporarily fastened with
plastic-headed nails. The brickwork was anchored to the backup with Helifix Tim ties.
This raised the same issues as for the Roxul panels.

The frame, cavity insulation and brickwork of the W panel was instrumented following
the typical instrumentation layout and procedure outlined in Section A3.5. Two additional
moisture sensors were used to measure the moisture content of the OSB sheathing; one
was located in the middle of the panel and the other S0 mm from the bottom of the OSB
sheathing (125 mm from the base of the brick). The instrumentation layout specific to the
W test panel is illustrated in Figure A W2.
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A2.6 Durisol D Panels

The D panel is a wood-framed, Durisol-clad wall intended for use in low-rise residential
buildings. The D wall is a prototype wall that is finished with Durisol cladding, an
insulating and draining screen. From the inside, the wall consists of:

taped and painted 13 mm (1/2") drywall,

e 0.15 mm (0.006") polyethylene vapour barrier,

e 238 x 89 mm (2 x 4") wood stud framing (see Section A3.1),

e 90 mm (3-7/8") Fibreglass Friction Fit batt (R12) in the stud space,

e asingle layer of Typar™ housewrap sealed with sheathing tape, and

132 mm (5-1/2") Durisol cladding (R8.75).

Construction of the wood frames for the D panels was carried out in the laboratory as
described in Section A3.1. Only materials which are specific to the D panels are discussed
in this section. Refer to Section A3.1 for the construction of the typical wall panel frame.
The D wall panels were completed in the following sequence:

1. The Typar™ housewrap was installed on the exterior of the frame using 10 mm (3/8")
staples at 200 mm (8") spacing. Sheathing tape was carefully applied to seal the
housewrap to the sides of the panel to prevent leakage around the edges.

2. The wall was transported to the Beghut and installed using the procedure outlined in
Section A3.2.

The Durisol cladding was delivered from the manufacturer in precast pieces 1195 mm
(47") wide x 500 mm (20") high. Five pieces were installed one on top of the other,
and the top piece was cut to approximately 450 mm (18") high to fit the remaining
opening (Figure A_D3). Each piece of cladding was attached to the two central wood
studs using four Helifix HRT-60 ties driven through a groove in the cladding.

W

The D wall was designed in conjunction with Durisol. Durisol is a wood/cement
composite material which can be precast to a variety of dimensions. The material is air
permeable, vapour permeable, draining, and insulating. The Durisol cladding is a
prototype material and has a cementitious finish on the vertical exterior surface. The
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underside of the reveals has not been finished in order to encourage air, water and vapour
movement. Some of the physical properties of Durisol cladding are listed in Table A.D1.

Metric Imperial
Dimensions (as delivered) 132 x 500 x 1200 mm 5-1/4 x 20 x 48"
Thermal resistance (estimated) RSI = 1.54 m>C°/W R =8.75 ft>h+°F/Btu
Density 560 kg/m? 35b./f?

Table A.D1 - Some physical properties of Durisol Cladding

The frames of the D test panels were instrumented following the typical instrumentation
layout and procedure outlined in Section A3.5. Additional relative humidity and
temperature sensors were installed in the Durisol cladding. Three sets of RH and
temperature sensors were installed on the vertical centre line of each wall panel. One set
was installed at the bottom of the wall in the middle of the Durisol cladding, one at the
middle of the wall just inside of the exterior of the cladding, and one at the middle of the
wall just outside the interior face of the cladding. Pressure taps in the Durisol cladding
were installed in a similar locations to those in the brickwork (Section A3.3). The
instrumentation layout specific to the D test panels is illustrated in Figure A DA2.
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A2.7 Durisol C Panel

The Durisol C panel comprises a Durisol insulated wall form with a brick veneer. It is
intended for use in low-rise residential buildings. The C panel is a demonstration wall
based on a Durisol block inner wythe, an insulating wall form and reinforced concrete
system. From the inside, the wall consists of:

taped and painted 13 mm (1/2") drywall,

a 200 mm (8") reinforced concrete-filled Durisol block wall (R8),
50 mm (2") Styrofoam SM, Type 4 EXPS insulation (R10),
building paper,

a £30 mm (1-1/8") air space, and

an 85 mm (3-3/8") brick veneer screen with vents and weep holes (see Section A3.3).

The C wall was entirely constructed in situ at the Beghut because the materials and
assembly used in wall made it impossible to do any work in the laboratory. The C wall

was assembled in the following sequence:

1.

The typical base detail was assembled and anchored to the top of the foundation wall
using two 62 mm (2-1/2") long 6 mm (1/4") dia. Tapcon™ screws.

The standard Durisol block measures 890 mm (35") long x 300 mm (12") high x 200
mm (8") thick and has three cores (Figure A.C1). The ends were cut off four of these
blocks to produce eight 300 mm (12") long single core blocks. One course of block is
comprised of one full block (3 cores) and one part block (1 core) to make a wall panel
1150 mm (46") wide (Figure A.C1).

The first three courses of Durisol block were laid up dry and a 1220 mm (48") long
10M rebar was set into 50 mm (2") deep holes in the base and centred in each core.

The concrete was proportioned gravimetrically in the lab and transported to the site as
a dry mix. The dry mix was mixed with water in a cement mixer on site and poured
into the first three courses. The remaining four courses were laid up and poured two
courses at a time. Three 6 x 12" standard concrete test cylinders were cast and cured
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in a laboratory fog room. The strength of the sample tested at 7 days was 21.9 MPa
(3180 psi) The 28 day test sample reached a strength of 28 MPa (4070 psi).

5. The building paper and extruded polystyrene insulation were installed and attached to
the Durisol Block using Helifix HRT 80 brick ties and Wedge-Lok insulation clips.

6. The brick veneer was installed as described in Section A3.3.

The C panel design was developed by Durisol to demonstrate a typical application of the
Durisol WallFrom, a product that has been used for years around the world. Durisol is a
wood/cement composite material which can be precast in a variety of shapes. The
material is air permeable, vapour permeable, draining, insulating, and has useful structural
strength. The Durisol Wall Form acts as a lost formwork for a reinforced concrete wall
and provides thermal insulation both during construction and in service. Some of the
physical properties of the Durisol Wall Form are listed in Table A.C1.

Metric Imperial
Block Dimensions (as delivered) 200 x 300 x 900 mm 8x12x33"
Thermal resistance (estimated) RSI = 1.41 m>C°*/W R = 8 fi>h-°F/Btu
Surface Density (estimated) 230 kg/m? 500 Ib./f}2

Table A.C1 - Some physical properties of concrete-filled Durisol Wall Form

During the construction of the C panels, the building paper and expanded polystyrene
insulation were fixed to the Durisol block using Helifix HRT 80 ties. The only concem
noted was the protrusion of the sharp ends of the Helifix ties after the EXPS had been
attached. To prevent injury, small blocks of EXPS were impaled on the end of the tie until
the mason reached this level.

The cavity insulation and brickwork of the C panel was instrumented following the typical
instrumentation layout and procedure outlined in Section A3.5. Six more temperature
sensors were also placed at the mid-height on the vertical centre line of the panel. Two of
these sensors were located on each face of the Durisol block; one over the web and one
over the core. The last two sensors are in the middle of the block: one in the web and one
in the core - the sensor in the core was attached to the 10M reinforcing bar. The
instrumentation layout specific to the C test panel is illustrated in Figure A.CA2.
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A2.8 Sto E Panels

The Sto E panel is a steel framed wall with an Exterior Insulated Finish System (EIFS).
The composition of the E wall is typical of a high-quality, fully synthetic, non-combustible
commercial EIFS wall system with the exception of the Roxul Lamella™ insulation which
acts as an insulating and draining cavity fill. Each piece of the Lamella™ has grooves
routed in its sides to create a vented cavity behind the Sto finish. From the inside, the wall

consists of:

taped and painted 13 mm (1/2") drywall,

a 38 x 89 mm (2 x 4") 20 Ga. steel framing (see Section A3.1),

Roxul Flexi-batt™ insulation in the stud space (R13),

13 mm (1/2") Georgia-Pacific Dense-Glas Gold™ exterior gypsum sheathing,
Sto Flexyl ™ air/vapour/water barrier,

75 cavity filled with Roxul Lamella™ insulation (R11) with grooves cut for ventilation
and pressure moderation, and

Sto Silco™ finish system (Sto 'E' mesh™ embedded in Sto BTS-NC Ground Coat™,
finished with Sto Silco Prime™ and Sto Silco Lit™).

Construction of the steel framing for the E panels was carried out in the laboratory as
described in Section A3.1. Only materials which are specific to the E panels are discussed
in the following section. Refer to Section A3.1 for the construction of the typical wall
panel frame. Installation of the Sto EIF system was performed by approved Sto system
installers from Walmar. The E panels were constructed in the following sequence:

1.

The standard 1220 x 2440 mm (4 x 8") sheet of 13 mm (1/2") Dense-Glas Gold
gypsum sheathing was cut into four pieces to make two vertical joints and one
horizontal joint (See Fig. 3.E3). This was done in order to ensure representative
jointing. Each piece of sheathing was attached using 32 mm (1-1/4") drywall screws
at 200 mm (8") spacing around the perimeter and 400 mm (16") spacing in the field.

The Stoflex™ air/moisture barrier with a fibreglass reinforcing mesh was installed over
the Dense-Glas Gold™ gypsum sheathing.
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3. Air cores were routed in Roxul Lamella™ insulation, and the Lamella™ was
instrumented and attached to the Dense-Glas Gold™ substrate using a full bed
adhesive similar to Stoflex™.

4. The Roxul Lamella™ was rasped to create a flat surface and the base coat and finish
coat were applied on subsequent days.

5. After the finish had cured in the laboratory for at least 2 days, the panel was
transported to the Beghut and installed following the procedure described in Section
A3.2.

The pressure-moderated Sto System Plus1 RS™ EIFS wall represents a new approach to
EIF systems. The pressure moderation is facilitated by the addition of grooves in the
joints between the 150 mm wide strips of Roxul Lamella™ cavity insulation. Roxul
Lamella™, which has been used as cavity fill in EIF systems in the past, is a rock wool
insulation which is cross cut so that when the Lamella™ is installed, the fibres run
perpendicular to the face of the wall. Some of the physical properties of Roxul Lamella™
are listed in Table A E1.

Metric Imperial
Dimensions (as delivered) 75 x 150 x 1220 mm 3x6x48"
Thermal resistance (ASTM-C177) RSI = 1.90 m>C°/W R =108 °F hft2/BTU
Density (ASTM-C612) 100 kg/m? 6.2 Ib./ft?

Table A.E1 - Some physical properties of Roxul Lamella™ external wall board

The E test panels are slightly modified versions of the Sto System Plusl RS™ wall
system. To more accurately simulate likely pressure fields that these walls would
experience in service, the bottom of the EIFS (where the wind pressure acts on the
grooves) was raised approximately 450 mm above grade. The bottom of the exterior of
the test panel was finished as a face seal system. The north and south facing panels have
grooves at every second Lamella™ joint, i.e, at 300 mm (12") c.c. The east and west
panels have grooves at every joint, i.e., 150 mm (6" c.c.).

The frames of the E panels were instrumented following the typical instrumentation layout
and procedure outlined in Section A3.5. Additional temperature sensors were installed in
the north and south panels. These were located in the right-hand stud at the intersection
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of the top and bottom plates. The Lamella™ (cavity insulation) was instrumented in a
layout similar to that described in Section A3.5 except that six pressure taps were
installed in the insulation, two each at the bottom, middle, and top of the insulation. Three
of these taps were installed in the insulation midway between two vertical cores and three
were installed directly in the routed core. The exterior finish was instrumented with one
thermistor and five pressure taps laid out in the same configuration as for the brick veneer
panels. The east panel also includes a 1" internal diameter rigid PVC pipe. The response
of the pressure in the pipe (completely rigid and airtight) will be compared to the response
of the panel under the same wind conditions.

The instrumentation layout specific to the E test panel is illustrated in Figure A.EA2.

Georgia-Pacific's Dense-Glas Gold™ is a premium, exterior grade siliconized-gypsum
sheathing reinforced with fibreglass. The moisture absorption (5%) is approximately half
that of standard exterior grade gypsum sheathing (10%) after 24 hours immersion as per
the ASTM standard.
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A2.9 Datum B Panel

The B panel is a wood-framed, brick-veneer, cavity wall intended for use in low-rise
residential buildings. The composition of the B wall is typical of current residential
construction practice and is intended to provide datum performance measures for low rise
residential construction. From the inside, the wall consists of’

» taped and painted 13 mm (1/2") drywall,

0.15 mm (0.006") polyethylene vapour barrier,

* 238 x 89 mm wood stud framing (see Section A3.1),

+ fibreglass friction fit batt (R12) in the stud space,

* 32 Celfort Codebord™ extruded polystyrene insulation (R6.5),
* building paper,

* anominal 30 mm air space, and

« an 85 mm (3-3/8") brick veneer screen (see Section A3.3).

Construction of the wood stud frames for the B panels was carried out in the laboratory as
described in Section A3.1. Only materials which are specific to the B panels are discussed
in this section. Refer to Section A3.1 for the construction of the typical wall panel frame.
The B wall panels were completed in the following sequence:

1. The standard 1220 x 2740 mm (4 x 9") sheet of 32 mm (1-3/8"") CodeBord insulation
was cut into two pieces, one 405 x 2440 mm (16 x 96") and one 810 x 2440 mm (32 x
96"), to make one vertical joint (Figure A-B3). This was done to ensure representative
jointing. Each piece of CodeBord was attached using plastic headed nails at 200 mm
(8") spacing around the perimeter and 400 mm (16") spacing in the field.

2. Three pieces of 910 mm (36") wide building paper were cut 1320 mm (52") long and
were installed with a 50 mm (2") overlap between pieces and carried 75 mm (3") up
the sides of the panel. Sheathing tape was used to temporarily fasten the building
paper to the frame until installation of the brick ties. The joints at the sides and top of
the panel were sealed with sheathing tape.
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3. The wall was transported to the Beghut and installed following the procedure outlined
in Section A3.2.

4. The brick veneer was installed as described in Section A3.3.

The B wall design was developed on the basis of an assessment of current standard low-
rise residential construction practices. The Celfort Codebord™ insulation is an insulating
sheathing often used in residential cavity wall applications. A wall using R 12 mineral
fiber batt insulation and CodeBord™ meets the minimum level of thermal resistance
mandated by the Ontario Building Code. Some of the physical properties of Celfort
CodeBord™ are listed in Table A2.10.

Metric Imperial
Dimensions (as delivered) 32 x 1220 x 2740 mm 1-3/8 x 48 x 108"
Thermal resistance (ASTM-C518) RSI> 1.14 m>C°/W R >6.50 °F h 2/ BTU
Density (ASTM-C303) 125 kg/m? 1.6 Ib./f3

Table A2.10 - Some physical properties of Celfort Codebord™

The frame, cavity insulation and brickwork of the B test panels were instrumented
following the typical instrumentation layout and procedure outlined in Section A3.5.
Additional temperature sensors were installed in the north and south panels. These were
located in the right-hand stud at the intersection with the top and bottom plates. The
instrumentation layout specific to the B test panels is illustrated in Figure A BA2.
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A2.10 Structural S Panel

The S panel is a structural brick cavity wall intended for use in low-rise and multi-story
residential buildings. The panel is a prototype wall based on a reinforced structural brick
outer wythe. From the inside, the wall consists of:

taped and painted 13 mm (1/2") drywall,

25 ga., 41 mm (1-5/8") deep non structural steel stud frame,

75 mm (3") foil faced Roxul RXL 40 insulation (R12),

32 mm (1-3/8") Celfort CodeBord™ EXPS insulation (R6.5),

a 19 mm (3/4") air space, formed with strips of Celfortec foam, and

a 110 mm (4-3/8") reinforced structural brick wythe with vents and weep holes (see
Section A3.3).

The S wall was constructed entirely in situ at the Beghut because the materials and the
assembly procedure used made it impossible to do any work in the laboratory. The S wall

was assembled in the following sequence:

1.

The typical base detail was assembled and placed on top of the foundation wall
without using any fasteners. In actual practice, the reinforcing would be lapped with
dowels previously cast in the concrete foundation, but in this project the wall is not
being tested structurally.

The first course was laid and two 10 M reinforcing bars were placed in the wall, one in
the second core in from the left side and one in the third core from the right side (see
Figure A.S1). The brickwork was installed following a procedure similar to that
described in Section A3.3. Face shell bedding (similar to blockwork) was used on the
bed joints, and head joints were buttered full. The mason was asked to attempt to
leave the unreinforced cores empty of mortar. As the work proceeded, cores
containing the rebar were slushed full with mortar.

After the wall panels had set for 24 hours, they were secured to the Beghut through
the top plate. Two 75 mm (3") long 6 mm (1/4") dia. Tapcon™ screws were used to
attach the brickwork to the top plate; the top plate was then fixed to the Beghut
structure using 100 mm (4") long # 10 wood screws.
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4. The standard 1220 x 2740 mm (4 x 9") sheet of 32 mm (1-3/8") Celfortec CodeBord™
insulation was cut into two pieces, one 405 x 2440 mm (16 x 96") and one 810 x 2440
mm (32 x 96"), to make one vertical joint (Figure A.S3). This was done in order to
ensure representative jointing. To create the vented cavity, the extruded polystyrene
insulation was fitted with 75 mm (3") wide 19 mm (3/4") thick strips of Celfortec
CodeBord™ at 16" O/C using polystyrene adhesive. Each piece of CodeBord™ was
attached using Hilti [P 5/6 fasteners at 200 mm (8") spacing around the perimeter and
400 mm (16") spacing in the field. The Hilti fasteners required that a 8 mm diameter,
50 mm deep hole be drilled into the brickwork.

5. The side and top inside edges of the Celfortec CodeBord™ were sealed with
acoustical sealant. The vertical joint in the field of the panel and all penetrations by the
Hilti fasteners were left unsealed.

6. The Roxul RXL 40™ insulation was stacked tightly against the extruded polystyrene.
No attempt was made to seal the joints in the reinforced foil facing. The 41 mm steel
frame was lifted in place, plumbed independently of the RXI. 40™ and fastened to the
top plate with two 32 mm (1-1/2") #8 wood screws and to the bottom plate with two
75 mm (3") #8 wood screws.

7. Drywall was attached using 32 mm (1-1/4") drywall screws at 200 mm (8") centres.

The brickwork and cavity of the S test panels was instrumented following the typical
instrumentation layout and procedure outlined in Section A3.5. Additional temperature,
relative humidity and air pressure sensors were installed in the middle of the Roxul RXL
40™ 3t the middle and centre of the panel. The instrumentation layout specific to the S
test panels is illustrated in Figure A.SA2. Some physical properties of the RXL 40™ and
Celfortec CodeBord™ insulation are listed in Tables A.V1 and A.B1 respectively.

After air leakage testing showed that the downstream air barrier was leakier than desired,
the panels were opened, and all joints between the EXPS and frame were well sealed with
caulking. The drywall was reapplied and sealed. Subsequent air leakage testing showed
that the drywall was tight and thet the downstream air barrier had been made much tighter.
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A2.11 Mockup Brick Veneer Panels

Two laboratory mockups of the field brick veneer screens were built at the same time as
the brickwork in the field. Figure A Ml provides details and dimensions of these
mockups. The intent of these mockups is to provide brick veneers which can be tested
under controlled laboratory conditions, and to provide a realistic test bed for draining
insulation tests and the study of ventilation flow and pressure moderation.

A wood frame was built with the same dimensions as the panels in the field. The wood
was wrapped in an air and watertight SBS modified bitumen membrane. The frame was
bolted to a heavy steel section, itself bolted to the concrete floor, and stabilized at the top
by means of tensioned cable stays. The base of the brickwork was raised by 38 mm to
allow water collection troughs, one on the front and one on the back of the veneer, to be
installed.
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Figure A.M1 - Details of Laboratery Mockup Brick Veneer Screens
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A3. TYPICAL PANEL CONSTRUCTION AND
INSTALLATION PROCEDURES

The following sections discuss the typical construction details common to several types of
walls, namely, framing configurations, base details, weep hole collectors, brick veneer, and
special details for instrumentation. The actual materials and assembly and installation
procedures vary depending on the particular make-up of each wall system.

A3.1 Construction Procedure

The E and V wall panels were assembled entirely in the laboratory. The remaining wall
panels (D, R, O, F, W, B) were assembled in the laboratory except for the cladding which
was installed in the field after panel installation in the Beghut. The C, S and X walls were
constructed entirely in place in the Beghut because the materials and assembly procedures
made it impractical to transport these walls.

The steps involved in the laboratory assembly of the framed walls are outlined below:
1. The framed wall panels were assembled flat on a raised work surface.

2. Either:

Grade number one or better eastern white pine lumber was used for all wood framing.
All pieces were selected to be straight and relatively clear of knots and other
imperfections that may affect moisture content readings. Studs and plates were cut to
the correct length and joined using two #10 x 89 mm (3-1/2") wood screws at each
intersection.  Studs were placed on 405 mm (16") centres and the frames were
constructed to the dimensions shown in Figure A3.1.
Or:

Twenty gauge steel studs and track were used for all steel framing. These pieces were
delivered precut and were assembled using two #8 x 13 mm (1/2") pan head, self-
drilling, self-tapping screws at each intersection. Studs were placed on 405 mm (16")
centres. The frames were constructed to the dimensions shown in Fig. A3.1. The
knockouts in the steel studs along the outside edges of the panel were sealed with
sheathing tape.
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3. Special top and bottom assemblies were pre-built and attached to the top and bottom
plates of the frames using 4 #10 x 89 mm (3-1/2") wood screws. Silicone was used to
seal the penetration where wood screws passed through the steel track. The function
and construction of these base assemblies is described in detail in Section A3.A2.

4. Where required, a sheet of 0.15 mm (0.006")! polyethylene was attached to the frame
and sealed to the studs and plates with a bead of acoustical sealant. Drywall was then
attached using 32 mm (1-1/4") drywall screws at 200 mm (8") centres.

5. Two 38 mm (1-1/2") holes were drilled through the polyethylene film and drywall, at
the centre line, each 400 mm (16") above and 400 mm (16") below the panel edge, as
illustrated in Figure A3.1. The hole in the upper position was fitted with a PVC
threaded union and elbow for use as an instrumentation port (Figure A3.2). The lower
hole was fitted with a threaded union and cleanout for air permeance testing (Figure
A3.2). Both fittings were sealed with acoustical sealant and secured with a nut on the
union. The panels were turned over and laid cavity side up to be instrumented and
insulated.

6. Sensors were placed at the locations illustrated in Fig. A3.1. Insulation was fitted as
required, and the instrumentation cables were fed through the upper instrumentation
conduit and coiled beneath the panel.

7. The side of each frame was fitted with three short lengths of PVC pipe which acted as
instrumentation ports for wiring in the cavity and screen. They reduced the need for
penetrations through the air barrier and insulation in the walls while minimizing the
amount of wiring in the cavity (Fig. A3.2). The panel was isolated from heat transfer
through the sides using 16 mm (5/8") thick, foil-faced polyisocyanurate insulation.
Successive layers of material were installed and instrumented as required by the design
of each wall type.

Panels were temporarily covered with Typar and stored in the UW Structures Laboratory
in an upright position.
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A3.2 Installation Procedure

Panel installation was similar for all laboratory-built wall panels; details are given below:

1.

Each panel was transported the 1/2 km to the Beghut in a horizontal position on the
back of a 3/4 ton truck.

Panels were handled and tilted into place by a crew of four. Each wall was leveled,
plumbed and temporarily fastened to the structure of the Beghut using two screws.

In addition to the temporary sheet of protective Typar installed in the lab, a
polypropylene tarpaulin was used to protect the panels prior to the installation of the
exterior cladding.

The gaps between panels were covered using Bakor Blueskin SA. This provided an
air and water-tight weather barrier.

Over a six-week period, before and after the installation of the brickwork, the space
between panels was filled with expanding polyurethane foam. This foam acted in
conjunction with the polyisocyanurate rigid board insulation and Blueskin membrane
to control air, water, vapour and heat flow between panels.

Metal flashing with a drip edge was fitted above each panel. The remaining space
above the panel was foamed to isolate the panel from the Beghut and to ensure an
airtight seal.
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A3.3 Brickwork and Ties

All brickwork, except for the S wall panels, was installed by masons from the Ontario
Masonry Training Centre (OMTC) on May 30 through June 1, 1995. The structural
brickwork for the S wall panels were installed by an instructor from the OMTC on August
22, 1995.

control during all brick laying. The brick coursing, weep holes and vent holes were laid

BEG personnel were present to instrument, observe, and provide quality

out as illustrated in Figure A3.3. Type S mortar and the same sand was used for all
panels. CSR size bricks (90 x 70 x 230 mm) from either Brampton Brick or Canada Brick
were used for all panels except the S panel. Table A3.1 provides details of the brickwork
used on each panel, namely the manufacturers of the bricks, the type of wall tie, and the
back-up used for each panel type.

Panel Type Brick Supplier Tie System Back-up
R Brampton Brick Helifix Tim-ties Wood framing
Canada Brick Posi-lag Steel framing
F Canada Brick Posi-lag Steel framing
w Brampton Brick Helifix Tim-ties Wood framing
C Brampton Brick Helifix HRT 60 Wood framing
B Canada Brick Strap ties Wood framing
S Canada Brick None Non-structural
X Brampton Brick None None

Table A3.1 - Wall types, bricks and ties

During the design phase, the choice of the method of anchoring the brickwork veneer to
the backup was a major issue. Experience in the UK indicated that brick ties were a
source of problems in filled-cavity, brick-veneer walls. Ideally, the tie should pierce the
insulation (so that water will easily flow around the tie), it should be corrosion resistant
(because the level of moisture in the cavity is expected to be higher than in normal
cavities), and it should allow for fast and easy installation and vertical adjustability.

The only masonry tie which met these criteria, albeit applicable for use in wood framing
and Durisol block backup only, was the Helifix tie.
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A special tie was developed for panels with steel framing to meet most of the criteria
described above. This tie was made of a 6 mm (1/4") diameter lag bolt with a washer
welded to the hexagonal head. When the mason reached one course below the prescribed
location for a tie, a pilot hole was drilled at the correct height through the cavity
insulation, sheathing (if any), and the outer flange of the framing. The lag bolt was then
turned into the steel stud until the hole in the washer was flush with the outer face of the
insulation. A trapezoidal wire tie was then inserted to connect the tie to the brickwork.
This tie was dubbed the Posi-lag. In practice, the tie would be stainless steel with a self-
drilling, self-tapping thread. A variation of a hook and pintle wire tie could be used to
provide vertical adjustment if the ties were installed before the mason arrived. A standard
plastic insulation retention washer could be snapped over the head of the tie after
installation to fix the insulation in place.
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A3.4 Special Features

The following special features were incorporated into the construction of the panels to

facilitate instrumentation and to enhance the performance of the experiment:

A PVC conduit was installed as a port on the panel centre line 400 mm (16") down
from the top of the frame to collect and lead wires and tubes out of the panel. This
port was later sealed with a self-levelling fire stop to ensure an airtight seal (see Figure
A3.2).

Three more PVC conduits were installed as instrumentation ports on the right-hand
side of each panel - one each at the middle and at 400 mm (16") from the top and
bottom - to collect the wires and tubes from the cavity. These ports facilitated the
instrumentation in the interior of each wall panel and avoided penetration of the
sheathing (see Figure A3.2).

An air test port was also installed on the panel centre line 400 mm up from the bottom
of the frame to allow air leakage testing on each panel. This PVC fitting is similar to
that used for the upper instrumentation port except that it has a screw-in plug to seal
the port (see Figure A3.2).

Half width studs were used for the end studs of each panel. These studs have a similar
volume and surface area to that part of the stud which would normally be included in a
1220 mm (48") section of wall. Thus a representative 1220 mm (48") section is being
modelled.

Special top and bottom assemblies were constructed to isolate the panel from the
Beghut structure and more closely simulate in-service conditions (see panel vertical
section). The bottom assembly was constructed with a 75 mm (3") high step to ensure
that the bottom plate/track of the frame was elevated above the base of the brickwork,
as is the case with most residential and commercial wall systems. Although the 75 mm
(3") step is less than a typical 250 mm (10™) rim joist or 200 mm (8") reinforced
concrete floor, the test panel should behave as the wall assembly would in service.
Two copper weep hole tubes were fitted into grooves in each of the bottom assemblies
to intercept and collect any water which may drain out of the cavity through the
traditional weep holes.
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A3.5 Typical Sensor Locations

The following sub-sections discuss the typical sensor locations that are common to most
wall types. Actual sensor locations vary, depending on the particular construction of each
panel. The variations in sensor locations are discussed in Chapter A2.

A3.5.1 Sensor Coding System

Table A3.2 outlines the seven-letter system used to identify each individual sensor in the
Beghut. The first two letters, the panel identification code, identify the wall system and
orientation of the test panel. The third letter, the sensor type, indicates the property
measured by the sensor. The last four letters, the sensor location code, identify the
location of the sensor within the wall assembly.

For example, the sensor labeled RNTENMC is a temperature sensor located in the north-
facing R test panel in the middle of the batt insulation (interstitial) at the middle and
centre of the panel.

A3.5.2 Sensors in Wood Framing

Each wood frame was fitted with moisture content and temperature sensors. Moisture-
content and temperature sensors were located on the panel centre line at the top and
bottom plates of the frame (Figure A3.1). Moisture-content sensors were also installed on
the right stud (as seen from inside) at 400 mm (16") from the top and bottom of the frame.
Temperature sensors were also placed at mid-height of the right stud, at the outside
surface, and in the middle. A pressure tap and temperature and relative humidity sensors
were installed in the middle of the batt installation at the centre and middle of each panel.
In some cases, additional temperature sensors were instailed at the framing intersections
and/or the interior surface of the stud.
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Panel Identification Code Panel Code R,V,0,F, W,D, C,E,
B, S, and X

Orientation N - North
E - East

S - South
W - West

Sensor Type Measured Property M - moisture content
P - pressure

R - relative humidity
T - temperature

Sensor Location Code Layer (if present) A - interior air film

B - drywall

C - polyethylene V.B.
D - stud frame

E - batt insulation

F - sheathing

G - typar/bldg. paper
H - cavity insulation

I - cavity

J - cladding

Location through layer |I - inside
N - interstitial
O - outside

Vertical position T - top

U - upper
M - middle
L - lower
B - bottom

Horizontal position L - left
(as seen from the inside) |C - centre

R - right

Table A3.2 - Instrumentation Coding System
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A3.5.3 Sensors in Steel Framing

Each steel frame was fitted with temperature sensors and moisture content sensors. The
moisture content sensors were installed in short lengths of eastern white pine to provide an
indication of the level of moisture in the stud space and bottom track. Moisture content
and temperature sensors were located on the panel centre line at the top and bottom plates
of the frame (Figure A3.1). Moisture content sensors were also installed on the right stud
(as seen from inside) at 400 mm (16") from the top and bottom of the frame.
Temperature sensors were also placed at mid-height of the right stud, at the outside
surface and at the inside surface. A pressure tap and temperature and relative humidity
sensors were installed in the middle of the batt installation at the centre and middle of each
panel. In some cases extra temperature sensors were installed at the framing intersections.

A3.5.4 Sensors in the Wall Cavity

Pressure taps and temperature and relative humidity sensors were installed on the centre
line of the panel in the middle of the cavity or cavity fill at the middle and at 400 mm (16")
from the top and bottom of each panel (Figure A3.3). Pressure taps were also positioned
on the centre line of the panel 50 mm (2") from the top and the bottom of each panel.

A3.5.5 Sensors in the Brickwork

Two bricks in every panel were instrumented (see Fig. A3.3). The brick in the centre of
the bottom course was instrumented for moisture content only. The brick in the middle
course was also fitted with temperature sensors on the inside and outside surfaces.
Temperature and moisture content sensors were located near the inside and outside
surfaces of the bricks on the centre line of the panel in the bottom and middle courses.

Pressure taps were installed in the centre brick and in the bricks directly beside the weep
holes and vent holes.

A3.6 Detailed Sensor Description

All of the test panels were instrumented to measure temperature, relative humidity,
moisture content, and air pressure at various points in the panel assemblies. The typical
sensor locations are described in Sections A3.5, and the specific sensor locations are given
in Chapter A2. This section provides detailed descriptions of the sensors used in the
instrumentation of the wall panels.
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A3.6.1 Temperature Sensors

All of the panel temperature sensors are precision thermistors with a 10 000 Ohm @ 25
degrees Celsius. Two types, produced by Fenwall and YSI, have been used, both with an
interchangeabililty of better than 0.2 °C. The thermistors and their soldered connection to
the instrumentation wiring was coated with an electrically insulating and waterproof liquid
plastic.

A3.6.2 Relative Humidity Sensors

A knowledge of the relative humidity within a wall assembly is valuable because the
potential and incidence for condensation can be measured and the amount of moisture in a
space in a wall will be reflected in the moisture content of the air in the panel. Two
models of sensors have been used to measure relative humidity: Hycal Engineering model
Survivor II and Vaisala model HMW 20 UB.

The Vaisala sensor is a wall-mounted type with the sensor and printed circuit board
encased in a plastic shell, 32 mm deep, 85 mm wide and 110 mm high. The sensor is
effective over a range of 0 to 100% relative humidity with an accuracy of +2% RH. The
transmitter returns a 4 to 20 milliampere current which is converted to a voltage using a
simple circuit. The measured voltage is then converted to a RH percentage by the
computer software. The HMW 20 UB was calibrated with a Vaisala HMK 20 single-point
calibrator, itself calibrated with salt bath solutions. The calibrator registers the difference
between its RH reading and that of the sensor. The difference is adjusted to read zero
with the dial provided; a difference of approximately +0.1%RH was considered
satisfactory in the calibration procedure.

The Hycal sensor is a CMOS integrated circuit that has a thin film RH sensor. The sensor
is housed in a metal TO-S case (approximately 6 mm in diameter and 6 mm high) with an
integral hydrophobic filter. The Survivor II outputs a voltage proportional to humidity
corrected for temperature. NIST-traceable calibration data are provided for each sensor.
Accuracy is better than £2% RH from 5 to 95%RH, and long-term (5 year) drift is less
than 1%RH. The very small size of the sensor results in the minimum of interference with
the space being measured.
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A3.6.3 Wood Moisture

Moisture-content readings were made in the steel framing as well as the wood framing.
The moisture-content sensor for the wood framing consists of Delmhorst pins that were
driven directly into the wood framing. The moisture-content sensor for the steel framing
consists of Delmhorst pins driven into 150 x 89 x 19 mm (6 x 3-1/2 x 1-1/2") blocks of
clear pine with sealed ends. The relatively small volume of the wood blocks means that
the same volume of moisture will result in relatively higher moisture content reading in the
steel framing.

Figure A3.5 illustrates the spacing and depth of the pin placement. The moisture content
is measured by passing a 12 volt direct current between the pins. The voltage is applied
for about 0.1 seconds to allow the readings to stabilize. The resistance values can be
correlated with readings from a Delmhorst model RC-1D moisture meter. The software
calculates the moisture content and corrects for temperature and species.

Measurement of wood moisture content is not as accurate as the measurement of
temperature and relative humidity. The recorded moisture content does not necessarily
represent the average moisture content of the wood. Moisture gradients are present
through the wood as a result of drying/wetting of the wood and the environmental
conditions that promote it, as well as wet pockets that might not represent the average
moisture content. The actual accuracy of the resistance-type meters used is estimated as
+2% within the range of 6 to 25%; however, a considerable loss in accuracy can be
expected outside this range. Above fiber saturation (25 to 30%), the meter will generally
return lower values than actually exist, whereas below 6%, the resistance becomes so high
it cannot be properly measured.

A3.6.4 Brick Moisture

Measuring brick moisture in-situ is very difficult. To provide a relative indication of
moisture content trends, two bricks in each brick panel were instrumented for moisture.
Resistance measurements are made just as for wood moisture content but are saved as raw
resistance values. Very high resistance values are so inaccurate and variable that readings
of greater than 200 Mohms are simply saved as "> 200 Mohms". The layout of the pins is
shown in Figure A3.6. The moisture content pins were located along the centerline of the
brick, approximately 10 mm from the inside and outside surfaces, approximately 25 mm
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from the bottom of the brick. Wiring exits from the brick and into the cavity via the bed
joint.

A3.6.5 Air Pressure

Air pressure can be measured at various points within the wall assemblies to assist in the
evaluation of the effectiveness of the various planes of airflow resistance within a wall
assembly and the response of pressure moderating chambers within the test panel.
Pressure is transmitted to transducers by equal length (3.5 meter long) Tygon™ tubing (3
mm internal diameter, 6 mm external diameter). The pressure transducers are Honeywell
PX-163 silicon pizeoresistive sensors with integral amplifying and temperature
compensating circuitry. The transducers cover a range of -1250 to +1250 Pa, have a
response time of about 1 millisecond, and can be resolved by the data acquisition system
to a pressure of less than 0.1 Pa. The arrangement of tubing and transducers results in a
flat frequency response of the system up to at least 30 Hz.

A second data acquisition system is used to quickly measure the pressures and
meteorological information at the same time. Software controls when the acquisition
begins and whether the collected data is saved or discarded.
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A3.7 Miscellaneous Material Lists

Many standard building materials were used in the construction and installation of the
panels. The products and specifications are listed below:

Air sealant. Canadian Adhesives Ltd., Bulldog Grip PL Acoustic-Seal, meeting CGSB
19-GP-21-M87.

Air and water sealant. CSL Silicones Ltd. No. 160, 30 year silicone.
Sheathing tape. Canadian Technical Tape, Tuck Tape, CCMC #11955.

Polyethylene sheet. Polytarp Products "super six" 0.150 mm (6 mil) thick, complies
with CAN/CGSB-51.34-M86.

Building paper. BPCO 15 Ib. Plain Asphalt Felt, 914 mm wide (36") roll.
Housewrap. Reemay Corp., Typar.
Exterior Gypsum. Westroc Gypsum Sheathing.

Expanding foam. Dap Canada, Dap Kwik-Foam, one component, moisture cure,
polyurethane.

Air/water sealing membrane. Bakor Blueskin SA, SBS modified bitumen self-adhering
membrane.

Masonry Cement. St Lawrence Cement Type S.

Board Insulation. Celotex Canada Thermax 16 mm (5/8") foil-faced polyisocyanurate
(RA2.5, R, < 0.03 perms).

Foam Adhesive. Dap Canada Foamboard Adhesive.
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A4. TIMETABLE OF EVENTS

1994

1995

1996
1997

July
August
January

April 18 - May 11

April 29

May 16 - 26
May 18

May 30 - June 1

June 1

June - July
June 16 - 17
July6 -8

July 10
August 22
August 24 - 29
July - August

September 2-4
September 7
October 21
August
January 1 - 31
April 30

June 1

July

Sept 24

Project conception.

URIF application submitted.

Notification of URIF funding award. Planning begins.
Begin construction of framed panels.

Remove previous wall panels and instruments.

Install R, V, O, F, W, D and B wall panels in Beghut.
Construction of C (Durisol block) wall in Beghut.
Brick veneers installed on R ,O, F, W, C, B and X wall
panels in Beghut.

Construction of brick veneer test panels in lab.

Panels sealed, inside and out.

Installation of Durisol cladding on D walls.
Installation of Sto finish on E walls in lab.

Installation of E walls in Beghut.

Construction of S wall brickwork in Beghut.
Completion of inner wythes for S wall panels.

Wiring of panel instrumentation to data acquisition
system and panel acclimatization.

Drywall sealed, primed and painted.

Continuous monitoring of panels begins

Continuous monitoring of driving rain begins

Air leakage testing of panels

Continuous injection of Behhut air into selected panels
End of analysis of monitoring data

Vent openings sealed in Wall F

Water injected behind lamina of Wall EE

Continuous monitoring ends
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Appendix B: Selected Summary
Statistics of Ventilation Pressure

Measurements

Ventilation Pressure Coefficients for Each Configuration and

Record

Relative Frequency Distribution of Ventilation Pressures for Each

Configuration
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Relative Frequency (%)

Ventilation Pressures- Relative Frequency(All

Configurations)

40.00%

30.00% -

L]

-3.915
5.086
1.030

-17.380

18.410

Ventilation Pressures (Pa)

VENTavg VENTms VENTmax VENTmin
Average 0.006 0.904 3.730
RMS 0.775 1.139 3.811
Max 3.330 8.662 12.480
Min -3.000 0.020 -0.620
Range 6.330 8.642 13.100
Total Number of Records: 3287
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Relative Frequency (%)

Ventilation Pressures- Relative Frequency (Config. #1)

40.00%

+

30.00% -

20.00% -

1

2

-3 -1 0 1 2
Ventilation Pressures (Pa)
‘'VENTavg VENTms VENTmax VENTmin
Average 1.014 0.500 3.422 -0.461
RMS 0.701 0.379 2.691 1.438
Max 3.330 1.827 11.850 1.030
Min 0.510 0.049 0.420 -16.770
Number: 654
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Relative Frequency (%)

Ventilation Pressures Zokd%lgtive Frequency (Config #2)
T

e,

+

1 2
Ventilation Pressures (Pa)
VENTavg VENTrms VENTmax VENTmin
Average 0.308 0.402 1.493 -2.403
RMS 0.230 0.533 2.321 2.930
Max 0.440 3.537 11.900 0.270
Min -1.060 0.023 -0.620 -16.570
Number: 658
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Relalive Frequency (%)

Veantilation Pressureszol%%l%tive Frequency (Config#3)

30.00p6 +

10.p0% +
2 -1 0 1 2
Ventilation Pressures (Pa)
VENTavg VENTms VENTmax VENTmin

Average 0.262 0.483 1.792 -2.863
RMS 0.388 0.456 1.727 2.908
Max 0.770 3.026 9.880 0.010
Min -2.230 0.020 0.000 -16.060
Number: 507
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Relalive Frequency (%)

Ventilation Pressures- Relative Frequency (Config#4)

40.00% +

30.00%

-3 2 1 2 3

Ventilation Pressures (Pa)
VENTavg VENTmms VENTmax VENTmin
Average 0.053 0.542 2.715 -2.506
RMS 0.274 0.319 2.055 1.651
Max 0.750 1.723 10.270 -0.270
Min -0.860 0.041 -0.010 -8.770
Number: 421
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Relative Frequency (%)

Ventilation Pressures- Relative Frequency (Config#5)

40.00% T

30.00% +

20.00%

10.00

2 -1 0 1 2

Ventilation Pressures (Pa)

VENTavg VENTrms VENTmax VENTmin

Average 0.272 1.820 6.676 -8.098
RMS 0.797 1.558 4.522 6.454
Max 1.850 8.662 12.480 <0.070
Min -3.000 0.027 0.450 -17.380
Number: 1047
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