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Abstract

Ventilation, insulation and heating are the key components to ensuring a healthy
indoor environment. This work studied airtightness and actual in-service ventilation
rates in a variety of modern housing stock. In-service ventilation rates indicated that
on average around a third of these homes were under ventilated. The airtightness
results were also compared to previous work, indicating a clear trend to more airtight
buildings, further work evaluated the consequence of this from the point of view of
managing moisture. An experimental facility that had airtightness variable from 1-9
ACH@50Pa was constructed to evaluate ventilation options, at different levels of
airtightness. It was shown there was a reduction in how long moisture remained in the
air as ventilation was increased, though the effect was tempered by the sorption into
building materials, and condensation on surfaces. Our experiments were used to
benchmark comprehensive computer models that allow for parametric studies using
different input parameters. Finally a field study of supply only ventilation systems was
also completed, which gave input into refined control algorithms to minimise the
energy impact of ventilation, while in turn maximising their moisture removal
efficiency.
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1. Introduction

Ventilation and insulation, in conjunction with heating, are key components to keeping
the indoor environment healthy and free of pollutant build-up. Ventilation in New
Zealand is governed by New Zealand Building Code clause G4 Ventilation, where it is
required that a building has openable windows equivalent to 5% of the buildings floor
area. Balancing the required amount of additional ventilation with the background
infiltration through adventitious cracks and gaps in the opening is a challenge when
operating a dwelling.

The airtightness of a home is a key factor in estimating the level of background
infiltration, which in turn provides information on the level of additional ventilation (if
any) that may be needed. Earlier work at BRANZ (Bassett, 1986; 1985; 2001) compiled
an airtightness database of 137 homes built from the 1930s to the mid-1990s. A
summary of this is shown in Figure 1.

Airtight
Post 1960 single storv and less than 120 m?
and airtight joinery
Average
3 Post 1960 larger honses of simple designs
£ 1 2 N
= and airtight joinery
b
f 1 1
= Leaky
= Post 1960 more complicated designs and
4 . | unsealed windows
| J )
Draughty

Pre 1960 with strip floors and unsealed
imber windows
o B

2 4 6 8 10 12 14 16 18 20 22 24 28
ACH @ 50 Pa

Figure 1. Summary of earlier airtightness in New Zealand.

This earlier work showed a clear trend to increased airtightness of New Zealand
dwellings, independent of any changes to the Building Code. What was clear at the
outset of the WAVE (Weathertightness, Air quality and Ventilation Engineering)
programme was that there was a need to ascertain whether this trend was continuing
and to determine the effect of this in light of G4, with the aim of helping to guide
future changes to the Building Code.

The underlying assumption in G4 is that occupants will open their windows at regular
intervals. However, anecdotal evidence suggested that this might not be the case,
particularly during winter, and where occupants have security concerns or are away
from the home during the day.

There is a significant anecdotal evidence that many households are unwilling or unable
to operate windows regularly. With more airtight dwellings, it may become necessary
to install mechanical ventilation. This could be of the form of a supply-only system that
is common in the market now or a balanced system with heat recovery at the more
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sophisticated end of the spectrum. Work in this report goes some way to clarifying the
effectiveness of supply-only ventilation with regards to removal of moisture.

Earlier work on supply-only ventilation systems (Pollard and McNeil, 2010) has shown
there is opportunity to improve control function performance both from the energy and
moisture points of view. Work with the University of Otago Physics Department
monitoring two homes in Mosgiel for 12 months has provided a dataset of in situ
performance, which has been used as the basis of WUFI Plus models of the two
homes. With these models, differing algorithms have been trialled to look at ways to
improve the ability of supply-only ventilation to remove moisture but minimise the
energy impact.

Onsite work at BRANZ has resulted in the development of an experimental facility
where the airtightness (an intrinsic function of the building) can be easily varied. This
facility allowed for the measurement of moisture removal performance of supply-only
ventilation systems with respect to dwelling airtightness. Estimation of climatic effects
on ventilation and infiltration were also completed.

Standard tracer gas techniques were used to measure air change rates for different
ventilation options, and equipment was developed to monitor duct flows in situ.

1.1 Airtightness background

A value of airtightness for a building is commonly given as the number of building air
changes per hour (ACH) at a pressure difference of 50 Pa across the building envelope.
This unit is often denoted as ACH Nsp or ACH @ 50 Pa.

The airtightness of New Zealand homes has increased over time, even though there is
no requirement for airtightness in the Building Code (McNeil et al., 2012). The average
Nso result from houses built before WWII was around 19 ACH, but this reduced
dramatically to 8.5 ACH for houses built between 1960 and 1980. A significant
contributor to envelope airtightening around 1960 was the shift from suspended
tongue and groove flooring to sheet floor construction and slab-on-ground floors.
Another change at a similar time was the shift from timber joinery to aluminium-
framed doors and windows as well as a reduction of open fireplaces. This brought the
opportunity to fit better air seals around opening windows and doors, at the same time
improving the weathertight performance of domestic joinery. By the mid 1990s, the
mean airtightness result was 6.7 ACH.

In the USA, Sherman and Chan (2003) reported a similar two-fold reduction in average
Nso measurements over a similar time period. In this case, the changes were largely
voluntary but were also influenced by the ‘weatherisation programme’ to improve the
energy efficiency of low-income homes. In contrast, Stephen (1998) reports little
change in the Nsp measurements in UK houses over a similar period. Much more
dramatic changes in Nso are reported in Canada and Sweden where mandatory
airtightness targets were adopted to reduce the energy loss consequences of
uncontrolled ventilation. A second driver of airtight construction in these cold climates
is the need to control exfiltration to prevent interstitial condensation, which is less of a
concern in more temperate climates.

Materials and construction practices have continued to influence the airtightness of
houses. Recent examples of changes are the widespread use of bonded plaster cornice
or a square-stopped interior plaster finish and the adoption of air seals around window
and door assemblies. The latter is due to the adoption of Building Code Acceptable
Solution E2/AS1 (Department of Building and Housing, 2005a), where it is required
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that air seals are to be fitted around door and window assemblies. The aim was to
improve the degree of pressure moderation across the joints between window frame
and cladding and improve the weathertightness of what was seen as a weak point in
window installation.

The first major component to the WAVE ventilation research programme was the
performing of an airtightness and ventilation survey of newer housing stock to update
the database. This survey provided airtightness data for newer (post-1994) houses and
confirmed a continuing trend, which had a mean of 6.5 ACH for newer housing stock.

Airtightness can be taken as a proxy measure of mean infiltration rate. One can
estimate this by simply dividing the Nso result by 20 to obtain a mean rate for the year,
as the mean indoor outdoor pressure difference is around a 20" of the pressure during
a blower door test. It must be stressed at this point that the /20 rule only gives a
mean. Windier periods of the year will have infiltration above this result, and during
calmer periods, the infiltration will be below this result. This approximate measure is
also strongly influenced by local topography and exposure of the dwelling.

1.2 Ventilation and airtightness

In terms of ventilation, Building Code requirements for residential buildings are often
quite unsophisticated in countries with temperate climates. New Zealand is no
different. Occupants are expected to open windows for ventilation, and the Building
Code offers Acceptable Solution G4/AS1 (Department of Building and Housing, 2005b)
requiring window and door openings to be at least 5% of the floor area. It is clear
from the airtightness measurements of older houses that window opening may have
been unnecessary to meet ventilation needs because of the background infiltration. In
newer houses, the changes in construction discussed above have closed down natural
ventilation paths, and it may be necessary to actually open the windows for some time
every day to provide adequate fresh air and dilute moisture and other indoor
pollutants.

Given the straightforward method for estimating mean infiltration from the airtightness
database, we compared the amount of ventilation provided in different New Zealand
dwellings ‘in use’.

In the past, it has been difficult to measure ventilation rates in homes because
conventional tracer methods were too intrusive and expensive to use in large numbers
of houses. This study used passive samplers and emitters that are more easily
deployed (Dietz and Cote, 1982; Upton and Kukadia, 2011) to provide the first survey
of ventilation achieved in New Zealand homes. In tandem with the airtightness survey,
a study was made of mean ventilation rates over a 3—4 week period in the same
sample. Results are presented below in Figure 2.
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Figure 2. Estimated infiltration and measured ventilation. The green band indicates
the range of acceptable ventilation rates in countries where there is a minimum rate
defined. Note that flow rates are given as air changes per hour at atmospheric
pressure.

Overlaid on the data is a band representing the range of acceptable ventilation rates in
countries where there is a minimum rate set. What is clear from the measured
ventilation rates is that about a third of the sample were underventilated relative to
these standards.

In recent years, it has become common for occupants to add additional supply-only
ventilation to control moisture. Houses with operational supply-only ventilation systems
in the survey above generally had more than enough ventilation, but there were
several cases where the ventilation system had been turned off.

The results above present opportunities in

e additional ventilation where occupiers are not opening their windows
¢ tuning existing mechanical systems more effectively.

Ventilation has a large part to play in the control of indoor moisture. Indoor moisture
has always been the most pressing indoor air quality issue in New Zealand houses. A
1971 survey (Trethowen, 1972) reported moisture problems in half of the surveyed
houses, and later surveys (Buckett et al., 2011; Clark et al., 2005) have shown that
little has changed.

Reference to ventilation in the current Building Code is made in clause G4, which
specifies the area of openable windows a dwelling must have. However, when this
requirement was made, New Zealand houses were built with a relatively high rate of
infiltration. Opening windows supplemented the natural ventilation, but even with the
windows closed, infiltration alone was typically enough to cope with most moisture
loads.
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Modern houses have been shown to be more airtight, leading to lower rates of
infiltration that are not able to cope with the same moisture loads that were envisaged
when clause G4 was originally written. Supplementing infiltration by opening windows
depends entirely on occupant behaviour, and in some cases, this is not a practical
solution.

This report provides an overview of the current housing stock and how New
Zealanders currently ventilate their houses. This information is used later in this
document to investigate the moisture removal effectiveness of supply-only ventilation
systems relative to infiltration alone.
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2. Equipment
2.1 The experimental building

The building shown in Figure 3. was constructed as a prebuilt shell in 2007 and
transported onto the research site. The single-storey house has a floor area of 91 m?
and a volume of 206 m3. The volume of the roof cavity is approximately 45 m3. The
house is a traditional timber-frame construction that is clad with painted fibre-cement
weatherboard directly fixed over a flexible wall underlay. The gable roof has
corrugated mild steel cladding on timber trusses. The floor is made of particleboard,
which is sealed with polyurethane. The walls and the ceiling are insulated to the
requirements of the Building Code with fibreglass. All inner wall surfaces and the
ceiling are lined with gypsum-based plasterboard, which received three coats of an
acrylic paint.

Bedroom 1

— : Lounge/Kitchen

Bedroom 2

Figure 3. a) Photograph of the experimental building on site. b) Basic floor plan of
the test building.

In order to study ventilation effectiveness at airtightness levels that are present in a
large part of the New Zealand housing stock, we fitted the house with sealable ports
that penetrate the envelope. The ports are located in the floor, walls and ceiling
connecting the living area to the subfloor, cavity of the outer walls and attic
respectively. Our intention was to reach an airtightness level as low as 1 ACH @ 50 Pa
(all ports sealed) and an upper level of about 9 ACH @ 50 Pa (all ports open).
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The prefabrication and the fact that it was going to be transported to its location on
the research site made it necessary to achieve the airtightness through detailing of the
indoor wall linings. Which were installed after the building reached its destination. We
decided to implement the Canadian ‘airtight drywall’ approach. To avoid air leakage
from the outer walls through the inner walls into the room, we isolated the inner wall
by means of applying a 3 mm thick, closed-foam tape to the corners where the inner
walls join onto the outer walls of the building. For the electrical outlets, we used flush
boxes that have seals at the cable inlet and where the plasterboard butts on the box
rim. To avoid air leakage through gaps between the floor and the ceiling boards,
plasterboards were sealed using silicone caulking. All penetrations of the plasterboard
for cables, lighting, access hatch to the attic and the like were sealed as best as
possible.

2.1.1 Characteristics of the ports

In order to derive a model of the infiltration, we measured the pressure/flow
characteristics of the ports by pressurising the building. The ports were constructed
from PVC tubing with inner diameters of 38 mm and 64 mm. The ports were installed
in the walls, floor and ceiling, which has given rise to four different pressure/flow
characteristics.

These characteristics were determined by fitting an exponential function Q = C(dP)™ to
the measured data points. Figure 4 shows the measured data and graph of the fitted
model, while the fit parameters are provided in Table 1.

Flow/Pressure Characteristic of Ports
Large Ceiling Port o

Large Floor Port

N\
1\

Small Ceiling Port

o
ol o Small Wall Port \

10

Flow [m®/h]
5

1 1 1 1
0 10 20 0 40 50
Pressure [Pal]

Figure 4. Measured data and fitted function for the flow characteristic of the various
ports.

The diameter of the port is the dominant factor determining the flow/pressure
characteristics. The flow characteristic of the small ceiling ports and the wall ports
show comparatively little differences, taking into account that those ports lead on one
hand into the large attic while the wall ports lead into the confined space of the wall
cavity. This indicates that the outer shell of the walls is not very airtight and that the
airtightness level of 1 ACH @ 50 Pa achieved in the house is largely determined by the
inner wall lining.
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Table 1. Fit parameters of the power law pressure/flow model Q=C(dP)n.

Port location/Size Coefficient C Exponent n
Wall ports 1.1£0.1 0.73 £ 0.02
Floor ports 7.6 £0.5 0.56 = 0.02
Small ceiling ports 29+ 0.1 0.58 + 0.01
Large ceiling ports 9.8+04 0.52 £ 0.01

2.1.2 Instrumentation

The building is equipped with instruments that allow it to run infiltration and
contaminant removal measurements in a semi-automatic way. All operations are
controlled by in-house BRANZ software, allowing a computer to control the indoor
climate, sampling of the tracer gas and reading of temperature and humidity sensors.
Measurement data is then written to a database (see Figure 5). A database table is
used to describe indoor climate parameters such as temperature and humidity. The
house can be heated and the humidity can be increased but no cooling or
dehumidifying is available, apart from what the installed ventilation system is
providing. Airflow through the ventilation system into each zone is measured by means
of pressure-averaging tubes installed in the ducting.

~ N ~ ~ s ~

Outdoor sensors Indoor Climate Indoor sensors
—— Control

Anemometers Indoor RH
- ) Humidifiers Sensors

)
Qutdoor RH
Sensors

—_—
Outdoor Temp.
Sensors \/\
| —

V, e

Indoor Temp.

Heaters Sensors

II

Tracer Gas

Computer
Tracer Gas |

Ventilation Software
System Tracer Gas |l
Digital/Analog
Ventilation ‘\ 10 ] [ Database ’ .
Ports Gas Sampling
> controller (9

Zones)

w Gas Analyser

Flow Controller

[
i

l

|

|

Computer

{

Figure 5. Instrumentation scheme used in the house.

The injection rate of each tracer gas is controlled by a Red-y Smart controller gas flow
meter set via the computer. Flow rates can be adjusted between 0.8—40 min/min for
N, and between 1-140 min/min for carbon dioxide (CO). An Innova 1412 photo
acoustic gas monitor is equipped with filters to detect CO,, Freon and sulphur
hexafluoride (SFs) with detection limits of 3.4 ppm, 0.02 ppm and 0.006 ppm
respectively. The dynamic range of the gas monitor is typically 4-5 orders of
magnitude.
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The target working concentrations of the tracer gas in the zones is usually at least 10
times the detection limit or, in the case of CO,, 10 times the background
concentration. Tracer gases are sampled from the zones by means of a computer-
controlled manifold that can switch each of the possible nine sampling locations onto
the gas monitor.

Each room, including the attic, is equipped with a number of sampling and dosing
tubes. In the living area, these tubes are located approximately 1.5 m off the ground.
Before the gas monitor analyses the air sample, it purges the tubes and the sampling
chamber to avoid cross-contamination. Measuring each location in turn takes about 10
minutes to process, thus allowing six samples to be taken from each location per hour.
Outside temperature and wind velocities are obtained from a weather station located
next to the house.

2.1.2.1  Pressure-averaging tubes

|
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Figure 6. Pressure-averaging tube schematic. Py and P. represent the average
impact and static pressures respectively. Adding them gives DP, which can be
correlated to flow in the tube.
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Pressure-averaging tubes were constructed in the lab to enable measurement of flow
rates through ventilation ducts with a simple pressure transducer. This involved
building an averaging pitot tube (see Figure 6) and installing it into a section of rigid
ducting the same diameter as the ductwork under test. Constructed tubes were
calibrated using a variable-speed fan and a laminar flow element, which produced a
curve of output pressure versus flow.

2.2 Blower door — whole-house pressurisation

The blower door allows measurements of air leakage through the building envelope to
be made via depressurisation of the building. This is achieved by measuring the flow
through a calibrated orifice while a fan maintains a constant pressure across the
envelope. Flow rates are measured for a range of pressures across the envelope before
a curve fit to the data points is used to obtain a measurement of airtightness. A
detailed description of the blower door technique can be found in Jensen (1986). It is
from blower door measurements that an airtightness value in units of ACH @ 50 Pa are
obtained.

10
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3. Experimental methods

3.1 Airtightness and ventilation survey
3.1.1 Selection of houses

The airtightness and ventilation survey was split across four different cities in New
Zealand — Wellington, Palmerston North, Dunedin and Auckland. A database of building
consents was used to obtain a random sample of consents for houses built after 1994.
A total of 36 homeowners agreed to take part in the survey. Of these 36 houses, eight
had supply-only positive-pressure ventilation systems installed in the roofspace. All
these systems distributed filtered roofspace air throughout the home depending on
temperature measurements in the living space and roofspace.

3.1.2 Airtightness measurement

A blower door test to EN 13829 (2001) standard was completed on each of the 36
houses, and then the opportunity was taken to measure the contribution of a range of
different leakage paths. This was carried out by progressively sealing up openings in
the envelope and repeating the blower door test.

In general, the following three tests were completed on each dwelling:

e A standard Nso test with no openings sealed.

e A test with specific ventilation openings sealed. In most cases, these ventilation
openings consisted of extract fans in bathrooms and kitchens, some of which were
simply ducted to the roofspace (not outside).

e A final test with all obvious leakage openings sealed. The most obvious leakage
openings to be sealed were around internal garage doors and defective seals
around attic access hatches.

The airtightness measurements were also used to give an estimate of the mean
infiltration through the envelope using the /20 rule of thumb described earlier:

Ng, result €))
20

Q

Estimated infiltration rate

3.1.3 Mean ventilation rate measurement

Ventilation measurements were performed in 31 of the 36 houses during winter.
Winter was chosen because it was perceived that ventilation would be at its lowest, i.e.
windows open less often.

A perfluorocarbon tracer (PFT) technique (Upton and Kukadia, 2011) was used, with
equipment and analysis supplied by the UK’s Building Research Establishment (BRE).
The technique involves deploying passive tracer gas sources and activated carbon
sampling tubes in a building for a period of time. The resultant concentration of tracer
in the sampling tubes can then be used to calculate an average ventilation rate.

Plans for each house were obtained to allow the room volumes to be precalculated.
Key dimensions were measured upon arrival to ensure the plans matched the building,
and any differences were marked on the plans and the locations of sources and
samplers modified accordingly. The tracer sources were distributed around the home in
a volume-weighted manner, with the bathroom being chosen as a reference volume in
all cases. Figure 7. shows a typical floor plan.

11
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Figure 7. Typical distribution of tracer sources and sampling tubes (sources in red,
samplers in blue).

Sampling tubes were placed in four rooms in each house, typically the lounge,
bathroom, kitchen and master bedroom. These were left in place for at least 3 weeks,
but sometimes this was as long as 4 weeks because of occupants’ unavailability to
schedule removal.

There were several important considerations when it came to the location of the
source and sampling tubes:

e Source and sampling tubes need a good degree of separation to ensure the
sampler collects tracer that has been well mixed in the zone.

e Both sources and sampling tubes need to be located as far as practicable from
windows/doors to allow incoming air to mix within the zone.

e Temperature has a direct influence on the emission rate. The sources should not
be in direct sunlight or within 1.5 metres of heat sources. The temperature was
also measured at each source location using Dallas DS1923 iButtons.

12
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3.2 Experimental building
3.2.1 Tracer techniques

Tracer gas measurement techniques are a well established means of measuring air
change rates in enclosed spaces. They generally involve releasing a tracer gas (by one
of several methods) into a space at a concentration significantly above background and
measuring the resultant concentration in the space over time. The limitations of the
different measurement techniques are well known (Liddament et al., 1983; Liddament,
1986) and are covered briefly here.

The standard techniques are step up, step down, constant concentration and constant
emission.

Both the step up and step down tracer techniques produce an estimate of air change
over a short period of time. The constant concentration technique is difficult to achieve
in @ multizone experimental environment. Time constants of measurement equipment
and the changing of sampling zones make it problematic to achieve fast enough
measurement response to control the tracer dosing accurately.

Therefore, as the WAVE programme required a measurement of continuous ventilation
rate, the constant emission technique was chosen. Simply put, the emission rate of the
tracer is kept constant, and the concentration in the different measurement zone(s)
recorded. From here, the air exchange rate can be calculated.

A typical experiment involved adding a ‘preflood’ dose of tracer gas to the space of
interest, then lowering the tracer dose rate to a much smaller constant value. This
avoided lengthy waiting periods for the tracer concentration in the zone to come to an
equilibrium. This technique scaled well from single-zone to two-zone or even three-
zone experiments.

Three tracer gases were available for the work in this report — SFs, CO, and Freon
134a.

Measured concentrations from the gas analyser were used in the mass balance
equation in the following section, with the aid of a matrix solver to calculate the air
exchange rates.

3.2.2 General mass balance equation

Ventilation rates were calculated using a standard mass balance equation (Rudd et al.,
2009; Sherman, 1998):

vED = g[c. — €] +F )
Where,
74 = enclosure volume [m?]
Q = airflow through enclosure [m3/s]
Ce = external tracer concentration [kg/m?3]
Cp = internal tracer concentration at time t [kg/m?]
F = tracer dosing rate [kg/s]

13
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The following data from the measurements was required to solve the system of
equations:

e Concentrations of all tracer gases in their respective zone.
e Temperature of the air in each zone.
e Dosing rate of each tracer.

The results were then averaged to give interzonal flows on an hourly basis.

3.2.3 Distribution of sampling and dosing points

For all experiments (unless otherwise noted), tracer gas sampling locations were
distributed around the zones of interest in a volume-weighted manner. In a two-zone
experiment, Zone 1 typically had eight dosing and sampling locations, and Zone 2 had
two. Samples were returned to the same zone they were sampled from via the
manifolds at the gas analyser. Once the building was dosed with tracer gas, the
differences between measured concentrations at different location in the same zone
were negligible, suggesting the air in each zone was well mixed. This is investigated
further in section 3.2.5.

3.2.4 Infiltration experiments — building characteristics
Measurement of infiltration rate — single zone

Before the performance of various ventilation systems was determined, the infiltration
characteristics of the house at different airtightness levels in the absence of a
ventilation system had to be established. As most experiments undertaken in the
building were completed at one of the four airtightness levels of 1, 3, 5and 9 ACH @
50 Pa, infiltration was studied at these configurations. Various ports in the walls, the
ceiling and the floor were opened to achieve these levels of airtightness. A ventilation
port plan was used to make sure that only those ports were opened at a given
airtightness level that allowed for an even distribution of air leakage paths throughout
the building. After an initial flooding of tracer gas, the injection rate of the tracer gas
was adjusted in accordance with the set airtightness level to reach a tracer gas
concentration of at least 10 times the detection limit, thus allowing for enough dynamic
range and lower signal-to-noise ratio.

Tracer gas concentrations for the building were recorded on a 10-minute basis and,
together with the local climate (both temperature and humidity, indoors and out),
recorded to the database.

3.2.5 Mixing experiments

Tracer gas concentration can only be sampled at discrete locations within a zone,
leading to the assumption that the tracer gas is homogeneously mixed with both the
air already present in the zone and the air that is entering the zone (Sherman et al.,
2014). However, it has been shown that tracer gases do not always perfectly mix
within a zone such that infiltration rate measurements can be influenced by tracer gas
sampling positions (Barber et al., 1984; Lunden et al., 2012; Maldonado et al., 1983;
Van Buggenhout et al., 2009).

A common solution to incomplete tracer gas mixing is to incorporate a fan into the set-
up to artificially mix the air and ensure concentration homogeneity of the tracer gas
(Chao, 1994; Lunden et al., 2012). However, mixing the air by means of a device such
as a fan can introduce errors in the infiltration measurement if the device is driving
ventilation, as reported by Shao et al. (1994).

14
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The horizontal and vertical mixing of a tracer gas released inside a test building
without the use of an artificial mixing device was examined. The influence of solar
radiation on the mixing process was investigated, and an estimated error associated
with incomplete mixing for this scenario was obtained.

Experimental procedure

Figure 8 shows part the floor plan of the unoccupied test house described in section
2.1 Only two rooms of the test house were used during this experiment — the northern
(sun-facing) zone, labelled Zone 1, and the south-facing zone, labelled Zone 2.
Separate experiments were conducted in the two zones to determine the tracer gas
mixing for different vertical heights and for different horizontal positions across each
zone. The zone door was kept closed during experimentation. No artificial mixing
devices were used, and the test building was unoccupied while the experiment was
running.

To prevent cross-contamination of tracer gas between zones, experiments conducted
in the two zones illustrated in Figure 8 were carried out at different times. Similarly,
horizontal and vertical mixing experiments were also conducted separately.

The constant emission technique described in section 3.2.1 was used to determine the
infiltration at different vertical and horizontal points in each zone. For vertical mixing
tests, sampling tubes measured SFs concentration at the centre of the zone at three
different heights — 55 mm, 1065 mm and 2065 mm from the floor. Figure 8 illustrates
the locations of the sampling points for the horizontal mixing tests. Each sampling
point in the horizontal tests was 1600 mm above the floor of the zone.

:HI[
+x
-
1000
X(
Zone 1

1000

X Sampling point
®  Dosing point
mm Window

s Door

Figure 8. Locations of the sampling and dosing points in Zones 1 and 2 for horizontal
mixing experiments. All sampling points were at a height of 1600 mm from the
floor. Distances indicated in the figure are in units of mm.
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3.2.6 Ventilation and infiltration experiments — two zone

Ventilation measurements were undertaken during experiments looking at the
effectiveness of ventilation systems with respect to removal of moisture (see section
3.2.8). These experiments were carried out during the autumn-spring period over
consecutive years. These were two-zone measurements treating Zone 2 as a separate
zone with the door closed (see Figure 9. and Figure 10.).

To measure ventilation rates, two tracer gases were used. These were dosed into the
main part of the house and bedroom space in accordance with the constant emission
method (see section 3.2.1). The experiments took place in late autumn and early
winter. Both tracer gases were introduced at an accelerated rate to get to an estimated
equilibrium concentration, and the dosing rates were dropped to an adequate rate for
the expected air exchange rate before experiments began. Concentrations of all gases
in each zone were obtained every 10 minutes from the gas analyser.

Zone 1

Outdoors to
I_ -
/\ Zone 1
Zomne 1
Zone 2 to [ \/

Outdoors % i Zone 1 to
Outdoors

Zone 2

Outdoors to
Zone 2

Figure 9. Building floor plan showing Zone 2 as the smaller bedroom.

Figure 10. Two-zone ventilation — supply-only roofspace system.

During year 1, the house was run over the following four airtightness levels - 1, 3, 5
and 9 ACH @ 50 Pa. It was also run with and without a supply-only ventilation system
at each of the configurations. The ventilation system was ventilating both Zone 1 and
Zone 2 in these experiments. Also during year 1, the default control regime for the
ventilation systems was active, controlling ventilation on the temperature of the
dwelling and roofspace. In year 1, ceiling ports were also opened for some airtightness
levels, which led to some recirculation of ventilation air. Year 1 configurations are
summarised in Table 2.

16
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Table 2. Airtightness and ventilation configurations — year 1 (ventilating whole
house, some ceiling ports opened).

Ventilation (whole house) Airtightness (ACH @ 50 pa)

3 5 6.5 9
Supply only X X X
Infiltration only X X X

In year 2, the configuration was changed to limit the airtightness setting to 1, 3, 5 and
6.5 ACH @ 50 Pa. This was necessary to remove the impact of the recirculation effect
by opening ceiling ports. As the ceiling ports contributed a significant amount of the
leakage available in the building, the uppermost airtightness configuration was limited
to 6.5 ACH @ 50 Pa.

During year 2, the ventilation system was also altered to supply air to Zone 2 only, and
this time, the system was altered to ventilate at a constant rate to remove the effect of
the control regime. See Table 3 for a summary of the experimental configurations
during year 2.

Table 3. Airtightness and ventilation configurations — year 2 (ventilating Zone 2,
ceiling ports closed).

I Airtightness (ACH @ 50 pa)
Ventil I
entilation (one room only 1 3 = 55 9
Supply only X X X X
Infiltration only X X X

3.2.7 Moisture removal effectiveness
Dosing two zones with moisture

With the building configured for two zones as per section 3.2.6, moisture was
introduced into Zone 2 using a humidifier (McNeil et al., 2014). A dosing rate similar to
two sleeping adults (Plathner, 2001) was chosen, as it represented a reasonable in-use
moisture load.

As the humidifier output (approximately 1 kg/hr) was more than two sleeping adults
would generate, it was pulsed on for 1 minute intervals every 5 minutes to give an
effective moisture introduction of 0.16 kg/hr over the dosing period, for a total of 1.28
kg.

Each dosing period ran for a total of 8 hours, beginning at 10pm and finishing at 6am.
This experimental pattern was completed for both experimental years for the
configurations shown in Table 2 and Table 3.

In year 2, the configuration was changed to limit the airtightness setting to 1, 3, 5 and
6.5 ACH @ 50 Pa. This was necessary to remove the impact of the recirculation effect
by opening ceiling ports. As the ceiling ports contributed a significant amount of the
leakage available in the building, the uppermost airtightness configuration was limited
to 6.5 ACH @ 50 Pa.

During year 2, the ventilation system was also altered to supply air to Zone 2 only, and
this time, the system was altered to ventilate at a constant rate to remove the effect of

17
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the control regime. See Table 3 for a summary of the experimental configurations
during year 2.

Mean age of air and moisture

Local mean age calculations were made of both the CO, dosed into Zone 2 and the
introduced moisture. Mean age calculations can be difficult when there are no exhaust
vents. Publications (Sandberg, 1983; Haghighat et al., 1990; Bassett, 2000; Nordtest
Method, NT VVS 118; Nordtest Method, NT VVS 019) detail techniques for achieving
this and define the relative contaminant removal effectiveness.

The mean ages (tp) of CO, and moisture were calculated using (Nordtest Method, NT
VVS 118):

™= (FC/pV) 3)
Where,
G = steady state tracer/water concentration
F = tracer/water emission rate
4 = volume of the room

The mean age of CO, and moisture were calculated from the above-mentioned set of
dosing experiments. The resulting changes in humidity were observed and the data
from the temperature and humidity probes used to calculate the density of water
vapour in the zone air.

3.2.7.1  Modelling
Rode model

An analytical model was used to simulate the dosing experiments, with the aim to
allow extrapolation of measurements to other climate zones in New Zealand. The
model required hourly averaged ventilation data and the amount of introduced
moisture. Results were then compared to the calculated values based on the vapour
density of air in the room.

The air and walls of Zone 2 were modelled taking the same approach as that
developed by Rode et al. (2001). The transport equations are based on the humidity
ratio of the air. The basic form of the model is given by:

V. pair %}xozd =G Q)
Where,
%4 = the volume of the room [m?]
p = air density [kg/m?]
x = humidity ratio of the air [kg/kg]
G = a source term [kg/s]

The source term was summed over the various sources available — different source
terms can be written for different source types (see Equations (5) and (6).)
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The source term for ventilation air is:

G = NyentVP(Xvene = Xair) (5)
Where,
Nyent = the number of airchanges per unit time [h]
Xpent = the humidity ratio of the source air [kg/kg]
Xqir = the humidity ratio of the air in the zone [kg/kg]

The source term for emission from an absorptive surface is:

G = AsyrfB(Psurf — Pair) (6)
Where,
Agyrs = the available surface area in the room [m?]
B = the surface transfer coefficient of the surface [kg/(m?sPa)]

PsurfPair = the partial pressures of water vapour on the surface and room air
respectively [Pa]

Once the sum of the sources was found using Equations (5) and (6), the new humidity
ratio was calculated by rearranging Equation (4). The moisture dosing experiments
were carried out simultaneously with the ventilation measurement (see section 3.2.6)
so that hourly mean ventilation rates were available to the model.

Humidity ratios were first calculated for each sensor location, and the ventilation rates
used were taken from the hourly datasets (see section 3.2.6). The surface area of
Zone 2 was taken as 47 m?, with a typical surface transfer coefficient of 2x10°
kg/(m?sPa). Surface temperature and humidity were taken as the measured values
inside the wall just behind the lining.

Nodal model

For year 2, a more sophisticated nodal model, developed by BRANZ, was used to
model the humidity in the room.

In this context, a nodal model is an abstraction of building components and their
physical properties and interaction onto a small number of points (nodes) and their
connections (edges). It represents the bulk properties of building components or
materials and their interaction with the surrounding.

Property changes within the material or component are usually not considered. For
example, if the top of a cladding has a temperature of 20°C and the bottom has one of
18°C, a single node will show the bulk material temperature of 19°C.

This can only be overcome by introducing more nodes, in this example, a top node and
a bottom node with a thermal resistance equal of that of the cladding material and its
thickness. By adding more and more nodes, in principle, the model can be made
arbitrarily complex representing more and more aspects of the physical system.

The nomenclatures of nodes and edges are taken from graph theory because of the
resemblance of nodal models with graphs.
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The schematic in Figure 11. shows an example of how nodes are allocated to building
components that make up the physical system under investigation. In the case below,
only one node is placed for each component. It is, however, also possible to place
multiple nodes into one component in cases where a better special resolution is
required.

Cladding
Cladding Surface
Cavity

Outdoor Insulation

Ceiling

of-of—0—10+0

Room

Figure 11. Nodes in building components describe the building as a physical system.

The nodal model as implemented for this research has the environment always in the
first node, which then drives the temperature and humidities of the other nodes
according to their transport resistances and so on. The implementation of the nodal
model allows driving the temperature of other nodes by means of an interpolation
function, which is used instead of the initial temperature value. This means, however,
that this node’s temperature will not be solved for. The humidity of the nodes cannot
be set via an interpolation function in this implementation but needs to be solved for.
In case the humidity for a node needs to be altered over time, a moisture source/sink
needs to be declared for that node.

Figure 12 shows a small detail of a roof nodal model as represented within
Mathematica. The points represent the nodes and are material properties while the
lines (edges) represent the resistances or conductances between the nodes. The use of
the nodal model is not restricted to the application in building physics. It can be
applied to the solution of many dynamic systems in which the bulk properties of
components and their interaction need to be modelled.
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Figure 12. Section of the graphical representation of a nodal model with an edge
property overlay.

As with any modelling and simulation, it is good practice to have a benchmark against
which the performance of a model can be assessed. Benchmarking helps to avoid
creating models that cannot replicate measurements conducted on real buildings or
building components. It allows to fine-tune the model to reflect reality as close as
possible given the resolution of the model.

Once the benchmarking has been done, model parameter changes, for example,
changes in outdoor climate, can then simulate how the building would perform under
conditions that are different to those at the time of the measurement.

Nodal model mathematics

In this section, the mathematical formulas used to describe the nodal model are
presented and described.

The equations are describing a coupled system of first-order differential equations that
need to be solved simultaneously. For each node, there is one mass and one heat
equation describing the properties and flows of heat, air and moisture to and from that
node.

The symbols used in the equations are described in Table 4..

Table 4. Symbols used in the nodal model equations.

Symbol Unit Comment

Ajj m? Area between nodes 7and j

Ci J/kg K Specific heat of material at node /

Cp J/m3 K Specific heat of air at constant pressure
Fij m3/s Air exchange rate from node /to node j
hvi W/m2K

Li J/kg Latent heat

mi kg/m3 Vapour density

m;i’ kg/m3 Vapour density at next time step
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pi Pa Water vapour pressure at node /

Fij Ns/kg Water vapour transport resistance between nodes /and j
pi kg/m3 Material density of node /

9i kg/m3 Concentration of condensate in node 7

t S Time

Ti K Temperature at node /7

Uj Thermal conductance between nodes /and j

Vi m3 Volume of node /7

The model solves the mass equation (Equation (7)) for vapour density, that is,
kilograms of water per cubic metre of material that is represented by the node.

The rate of change in vapour density at a node /is driven by the vapour pressure
difference between node /and all other nodes in the system plus the net inflow of
moist air from other nodes and the flow attributed to convection.

v (miA—tmz) - 2 | <Ai,- Pjr—ijpi +V; (F]ﬁm]' - Flﬁm{) + Ajjhy, (p]’ - p{)) @)
j

The energy flow is governed by Equation (8), where the rate of change in temperature
at node /depends on the temperature difference and the thermal conductance
between node 7and all other nodes, the infiltration and exfiltration of air and the latent
heat of evaporating or condensation moisture.

v (1) =5 (a0, (17 — 1 Vi(FST! = FLT) + Vil (S0
picVi\ =3 | = j( Ui (Tf = T)) + cuVi(Ei T = FLT)) + iYi\2z)  (®)
The term % in Equation (8) represents the amount of condensate/evaporate that has
been accumulated during the time step At. This amount can be written as follows:

AY; _ d(m —msar) 9)
At dt

The saturation vapour density depends only on the temperature of the node so that
the equation can be rewritten in a form that allows easier calculation:

dim—mg) dm  dmg, dT (10)

dt dt dT dt
With this, the energy equation can be rewritten to:

! ! [t ALl dm
ar, z,- (45U (1) = T!) + cpVi(FiT) — FiTY)) + Vil St

= 11)
dt dm (
pic;V; + ViLij #at

Each node contains the properties of the material that the node is going to represent in
the simulation such as heat capacity, density, emissivity, volume and radiative area as
well as the initial conditions of temperature and humidity.

Materials and resistances

22



BRANZ

Study Report SR341 The role of ventilation in managing moisture inside New Zealand homes

Table 5 lists all materials and their properties used in the nodal models described later
in this report.

Table 5. General materials properties used in the nodal model simulations.

Vapour Thermal Density Heat capacity
Material permeability conductivity [kg/m?3] [3/kg K]
[kg/m s Pa] [W/m K]
Air 2*10710 0.0257 1.2 1005
Steel 1020 45 7860 420
Wood - 0.1 500 2500
Gypsum board 4.2*%10°1 0.17 800 1090
Fibreglass 150.94*1012 0.0473 16 848

3.2.8 CONTAM modelling

CONTAM is a multizone airflow and contaminant transport analysis software package
designed by the National Institute of Standards and Technology (NIST) in the USA.

The software allows us to specify parameters for different airflow paths across the
building envelope and calculate the infiltration rate due to all the airflow paths for user-
defined internal temperatures and external temperature and wind velocities.

The dynamics of each airflow path in our CONTAM models were described using a
powerlaw model that depends on the relationship between the flow Q and the pressure
difference dP across the airflow path:

Q= C(dpP)" (12)

The flow coefficient Cand flow exponent nin Equation (12) are defined by the user in
each simulation.

3.2.9 Two-zone ventilation and infiltration model

In order to extrapolate results of two-zone experiments to other areas of New Zealand,
a two-zone CONTAM model was created of the experimental building. The two-zone
model began with a base model for the most airtight case of 1 ACH @ 50 Pa.
Subsequent models were created with extra flow paths added to account for the
additional leakage openings as airtightness was reduced. The parameters for the
additional flow paths were taken from blower door tests at the different airtightness
levels.

Two variants of each model were created, both with and without a supply-only
ventilator. An example floorplan of the CONTAM model for 1 ACH @ 50 Pa with supply-
only ventilation included is presented below as Figure 13.
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Figure 13. CONTAM two-zone model floor plan — 1 ACH @ 50Pa case shown.

Comparison was made between the calculated results of these models and measured

results from the tracer gas experiments (see section 4.5.3).

3.3 Control system evaluation

Two homes in Mosgiel, Dunedin, labelled here as DUD 131 and DUD 132, were
instrumented in mid-2013 with the aim to collect in situ temperature, humidity and
flow data for the home and ventilation system. Instruments were removed in early

2015. Data was collected with the same in-house BRANZ measurement system as used

in the experimental building.

Temperature and humidity were monitored in the following locations (see Figure 14.):

Inside the home (the same room as the main ventilation duct).
In the roofspace.

Inside the ventilation system ductwork.

Outside.

Temperature was measured using type T thermocouples, and humidity was measured

with Honeywell HIH5000 humidity probes. Flow of the ventilation system was

monitored via a pressure-averaging tube (see section 2.1.2.1) installed in line with the
system fan. The pressure output of the pressure-averaging tube was measured using a
GEMS differential pressure transducer (0-62 Pa range). Due to the power output of the

fan in one of the homes, a second differential pressure transducer (0—-120 Pa range)
was added in parallel to the first, as the signal was found to be clipping after several

months on monitoring.
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Figure 14. Sensor layout in Dunedin homes — red and blue dots indicate temperature
and humidity sensors respectively.

3.3.1 WUFI Plus modelling

Models of both houses were constructed using WUFI Plus software (v.2.5.4.0). WUFI
stands for ‘Warme Und Feuchte Instationar’, which is German for ‘transient heat and
moisture’. WUFI software allows dynamic (time-varying) calculations of heat and
moisture transport in multilayered building elements using coupled equations. The
WUFI Plus version allows three-dimensional buildings to be constructed using a GUI
interface. WUFI Plus has been developed by the Fraunhofer-Institut fiir Bauphysik
(IBP, the Fraunhofer Institute for Building Physics), one of the 66 institutes and
research units that make up Fraunhofer Gesellschaft. BRANZ has worked with IBP on
improving WUFI Plus.

The aim of the modelling was to quantify the transfer of moisture and heat from the
roofspace into the interior of the house due to the theoretical operation of the positive-
pressure mechanical ventilation systems using different prototype control algorithms.

WUFI Plus models were created for each house using the closest equivalent match for
materials in the WUFI database. The WUFI Plus models were set up and run with
actual flow rates. Zone 2 ‘Interzone’ was to set to flow rates coming from Zone 1

based on output flow rates using the prototype control algorithms but with the monthly
sets of hourly means put through the Matlab function mssgolay (Savitzky and Golay
peaks-preserving smoothing algorithm adapted to allow non-uniformly spaced input
data).

This smoothing was found to be necessary previously because WUFI Plus gave
erroneous moisture results (underestimates by an order of magnitude) because the
model solver is not good at resolving steep gradients that are present in the spikey
data.

Prototype control algorithms

Four different prototype control algorithms were developed with different objectives in
mind. In all four cases, the measured data (hourly averages of measured relative
humidity (H), temperature (7) and derived absolute humidity (Q) in the roof and room)
were used to calculate a flow rate for the positive-pressure mechanical ventilation
system. The output is a flow rate (L s). In each case, there is no feedback from the
modelled temperature or humidity in the room through the control algorithm. In the
future, it would be interesting to incorporate this feedback into the control algorithms.
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Two algorithms given by Equations (13) and (14) have been developed with the
intention of using the positive-pressure mechanical ventilation system to reduce the
absolute humidity in the room while also increasing the temperature in the room.

The BangBang_QDiff_And_TDiff algorithm (Equation (13)) is the most likely to achieve
this goal, as the flow is only on if the absolute humidity is lower in the roof than in the
room and the temperature is higher in the roof than in the room. Because the absolute
humidity is not a function of temperature but just the water content of the air, this
function is most likely to result in the biggest decrease in absolute humidity in the
room. The output is scaled by K = 50 and 108 for DUD 131 and DUD 132 respectively
so that the maximum flow rate is similar to the measured maximum flow rate for each
house.

BangBang TDiff =K=* (Q’roof < Q,room ) A (T’roof > T,room) (13)
BangBang TDiff =K=* (H,roof < H,room ) A (T,roof > T,room) (14)

Most humidity sensors measure relative humidity rather than absolute humidity, so
Equation (14) is provided as a possible alternative that might be easier to implement
with affordable sensors without needing to calculate absolute humidity.

The existing control algorithm outputs a flow rate with a non-zero baseline level and a
higher flow rate at other times. In order to directly compare the difference between
operating with and without this continuous baseline flow, an algorithm similar to
Equation (14) but with a constant base flow rate was tested — Equation (15). In
Equation (15), the low baseline is represented by Crase = 40 and 20 for DUD 131 and
DUD 132 respectively and Kpase = 10 and 88 for DUD 131 and DUD 132 respectively
when the relative humidity in the roof is less than that in the room and the
temperature in the roof is greater than that in the room.

, baseline , ,
BangBang Tlef = Kpase * (H,roof < H,room) A (T roof >T room) + Cbase (15)

Finally, a slightly simpler control algorithm that only considers the absolute humidity
but calculates a flow rate that is proportional to the difference between absolute
humidity in the room and roof was tested. Dividing by the maximum difference
between these absolute humidities (max(Qreom-Qroor)) brings the output to within 0 and
1 so that scaling by K results in an output between 0 and the maximum measured flow
rate:

QDiff =K ((Q,room - Q,roof ) > 0) * (Q,room - Q,roof)/maX(Q,room - Q,roof) (16)
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4. Results

4.1 Ventilation and airtightness survey

As described in section 3.1, the airtightness and ventilation of 36 randomly selected
houses were examined over a 3—4 week period. Nso results for the 36 houses are
shown in Figure 15. Figure 16. shows the effect from sealing all ventilation and obvious
leakage openings.
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Figure 15. Distribution of airtightness measurements for post-1994 homes.
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Figure 16. Distribution of airtightness results, with specific ventilation and obvious
leakage openings sealed.
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The results of the ventilation survey are plotted in Figure 17. against the estimated
rate from the airtightness measurements made using Equation (1). Circled on the right
are several outliers, three of which had a supply-only roofspace-sourced ventilation
system. A line of slope 1 is also plotted.
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Figure 17. Infiltration versus measured ventilation, with outliers circled. Note that
flow rates are given as air changes per hour at atmospheric pressure.

The most important change from the earlier surveys was the significant reduction in
the mean Nsp result from 8.5 ACH to 6.7 ACH. The mean floor area of the newer
houses was also bigger than those in the last survey, increasing from 115 m? to 155 m?
(not including internal-access garages). The recent Nso results also fell in a much
tighter range (7.8-3.1 ACH), suggesting more consistency in construction.

Much of the difference between Figure 15. and Figure 16. was due to the leakage
under internal-access garage doors. On average, a drop in the Nsp result of 1.4 ACH
was noted when the internal access for the garage spaces was sealed from the rest of
the house. Internal garage doors therefore present an opportunity for increasing
airtightness and reducing infiltration from an unheated (and potentially polluting) part
of the building.

There are clearly two groups of houses in Figure 17. — those where the estimated
infiltration rate and the measured ventilation rate are similar (25 cases) and those (six
cases) where additional ventilation (either from opening windows or supply-only
ventilation systems) has been provided.

In the larger group, the small difference between the estimated infiltration rate (0.28
ACH @ atmospheric pressure) and the measured ventilation rate (0.32 ACH @
atmospheric pressure) indicates limited window opening by the occupants over the
period. The measured ventilation rate of 0.32 ACH @ atmospheric pressure sits at the
lower end of guidelines for acceptable indoor air quality (Limb, 2001).
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In addition, observations of the presence of mould and mildew were made at several
of the homes studied — evidence of excess indoor moisture.

The PFT technique is a longer-term, time-averaged measurement method and thus
does not lend itself well to resolving small, short-term changes in ventilation
performance. However, it is clear that window opening and the operation of extract
systems in bathrooms and kitchens has added less than 0.2 ACH @ atmospheric
pressure on top of the background air infiltration in most of these houses.

Overall, there is limited evidence that windows are being opened often enough to
provide the ventilation needed to control moisture and provide good indoor air quality
in much of the sample presented here.

Eight homes in Figure 17. were fitted with supply-only ventilation systems. Three of
these systems were shown to substantially increase ventilation above background
infiltration to around 0.7 ACH @ atmospheric pressure. In the other five cases, little
additional ventilation was provided by systems, several of which were apparently
turned off to save energy during the period of PFT measurements.

4.2 Infiltration measurement

Infiltration rates were determined for the test house using tracer gas techniques
(described in section 3.2.1) at various airtightness configurations. This was carried out
in order to determine the infiltration techniques of the house before adding a
ventilation system. Figure 18. and Figure 19. show the hourly averaged infiltration
measurements of a single zone, i.e., one tracer gas over 2—4 days at different
airtightness levels. The measurements were completed during a calm period with
average wind speeds of only 2 m/s measured at 10 metres height.
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Figure 18. Single-zone infiltration rate of the living area at different Nso airtightness

levels. The graph for the airtightness level of 9 ACH is provided separately due to its
increased scale (see Figure 19.).
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Figure 19. The graph shows the single-zone infiltration rate of the living area at
about 9 Nso. All ports are open at this level of airtightness, but windows and doors
are closed.

The hourly averaged infiltration rate of a short two-zone infiltration experiment is
shown in Figure 20. One of the bedrooms (Zone 2 in Figure 9.) of the house was filled
with CO;, while the remaining living area (Zone 1 in Figure 9.) of the house was filled
with SFs. Both zones were at an airtightness level of about 2 ACH @ 50 Pa. Only wall
ports were open during this experiment, therefore, there was no cross-infiltration
between the two zones via the roof apart from through adventitious openings. Most of
interzonal infiltration would have taken place through openings under the closed door.
The average wind speed during this period was about 1.5 m/s at a height of 10
metres.

2 Zone Hourly Ave. Infiltration Rate

0.08 T T T T T T
e *—e-
e, e " e o - -
B SRR S N, Qo
e
0.06 - - ~Q T
. Y ¥y T e = 120
I
O
<
[
o
o oo} T
=
§ e Quag
"_E . o —r" * QO—;Z
— Ty ';‘—-"’_'7_. —"
002t g B S Ay T
—— - x ~~ Q 2
et - 1
e g B —
P 4 bl = SN - 02_‘1
[ - - e
B > v
. 2 4
1 1 1 1 1

0.00
0

15 20 25

Tin;e [h]

Figure 20. Infiltration rates for the two zones described in Figure 9. The legend
shows the direction of flow (Q) for each line, where Zone 1 is denoted by the
subscript 1, Zone 2 is denoted by subscript 2 and outside is denoted by subscript 0.
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4.3 Tracer gas mixing experiments

As described in described in section 3.2.5, we investigated the mixing of tracer gas
within the test house. This was carried out in the vertical and horizontal plane both in a
north and south-facing zone of the building.

4.3.1 Vertical mixing

Figure 21 shows the difference in tracer gas concentration between three different
heights above the zone floor for the two zones of interest (described in section 3.2.5)
together with the relevant environmental data. We observed negligible variation
between tracer gas concentrations at different heights for the two zones. The
airtightness of each zone was approximately 1 ACH @ 50 Pa, with major changes in
infiltration rate being wind driven. For the majority of the two experiments, wind speed
was less than 4 ms™, with no discernible impact on the vertical mixing of the tracer gas
(McDowall and Plagmann, 2014).
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Figure 21. Results of vertical mixing experiment for Zones 1 and 2. Three sample
points were used — 2065 mm (top), 1065 mm (middle) and 55 mm (bottom) above
the zone floor. The two uppermost plots show the difference in SFs concentration
between the top sample point and the middle and bottom sample points.

4.3.2 Horizontal mixing

Figure 22. shows the difference in tracer gas concentration between four different
locations of equal height in each of the two zones together with the relevant
environmental data. Zone 1 shows no discernible variation between tracer gas
concentrations at the different sampling locations, suggesting good mixing in that
zone.
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A discrepancy between gas concentrations at different sampling points in Zone 2

indicated incomplete mixing within that zone. This feature appears more prominently
at certain times of the day when tracer gas concentrations are greater at the
southernmost sampling points than at the northernmost sampling points in the room.

The airtightness of Zones 1 and 2 during the horizontal mixing experiments was
approximately 8 ACH @ 50 Pa. Both zones were measured over periods that had
similar wind velocities and sunshine hours. However, we do note that the ambient air
temperature inside the zone was on average warmer in Zone 1 than in Zone 2. This
discrepancy was expected since Zone 1 is north-facing whereas Zone 2 faces away

from the sun.

The infiltration rate of a given zone can be determined from the general mass balance
equation given by Equation (2). Using this expression and the concentration data for
horizontal mixing in Figure 22, we were able to estimate the error associated with an
infiltration measurement under the current conditions. We did this by first determining

the infiltration rate based on the concentration data from each sampling point

individually averaged over 24 hours. We considered the true infiltration rate to be the
mean of the four values (one for each sampling point) with an error given by the

standard deviation.

Incomplete mixing in Zone 2 in the horizontal plane was found to give an uncertainty
in the infiltration measurement of approximately 4%. This is in comparison to the same
experiment in Zone 1 that displayed good tracer gas mixing, where we found the

infiltration rate uncertainty to be approximately 1%.

Zone 1 _ Zone 2
Dilference in SFg concentration (mg/m®)
0.10 T 0.10
0.05 0.05 o~ W%& . . }:{:
| Sampling ﬁ "ﬁr@% ﬁ‘@# “13 o o
| points: K m M v"’-‘ ) i
0.00F ® b-a 0.00 - ﬂ‘“!:g' - L “"‘ﬂ’ .
00 4 -~
b mb-b - L4 ‘* ’G P\ h) -
o b-¢ K ¥ S e » 4 o
- . W s B
mhd e . s 8% LT P
0.05 0.05 ¢ 4 “‘ . Ca \\ ¥4
™~
\ o \ 'l}
’.““. ‘J
0.10 0.10
Wind velocity (hourly average)
‘*Eiﬁ\k\‘ ceviiv o/ //////\\\\\\\.,“ vtervr et td aevein Vi, \ \\{\\\u,,////f,’\ ’“”\\q"‘H ‘,4,1‘, it 2rre
Wind speed, hourly average (m/s)
. o 1f] !
2 - 2
0l of
] To_)mper.'\mrﬂ (¢ (‘:'
307 i @Inside 30
207 ~ ~ { mOntside 20} | TN AN
i ~—— i § ) -
10} ST~ = ~—_ T 10/ b xﬁ" - 4 o g

Sunshine

‘I'rue I'rucg

False] = Inlse

00:00 00:00

Tine

00:00

00:00._.
T'ime

00:00

Figure 22, Results of horizontal mixing experiment for Zones 1 and 2. Four sampling
points were used in each zone as illustrated in Figure 8. A consistent SFs
concentration across all sampling points in Zone 1 indicates good mixing in the

horizontal plane within that zone. Variation in tracer gas concentration at different
sampling points in Zone 2 suggests incomplete mixing within that zone.
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Discussion

The tracer gas appeared to mix reasonably well in the vertical plane for both the north-
facing zone (Zone 1) and south-facing zone (Zone 2) regardless of external
environmental conditions. The same conclusions can also be drawn for horizontal
mixing in the north-facing zone. However, horizontal mixing in the south-facing zone
appears to suffer from stratification at certain times of the day. This stratification leads
to a greater uncertainty when determining the infiltration rate and, as such, is an issue
that deserves consideration.

The collective mixing effects of diffusion, convection, direct solar radiation convection
and air movement through infiltration all contribute to mixing of a tracer gas within a
zone. The two zones we considered were of roughly equal airtightness and tested
under similar environmental conditions.

From this, it can be concluded that direct solar radiation was the limiting mechanism
for mixing. In the south-facing zone, where incomplete tracer gas mixing was
observed, there was no direct solar radiation into the zone, which is in contrast to the
north-facing zone.

Convections within a zone can be driven by temperature gradients caused by solar
radiation. Air within a zone can absorb heat when in contact with direct solar radiation
through, say, a window. Buoyancy forces cause the warm air to rise due to the stack
effect (Straube et al., 1995), creating a convective process as cold air moves to fill the
void left by the warm air. This convective process increases mixing of the tracer gas
with the air present in the zone. The absence of direct solar radiation in Zone 2 meant
the occurrence of this process was minimal, leading to incomplete mixing.

It has been have assumed here that the stack effect is the dominant source of natural
mixing within the zone. However, it should be noted that a less airtight house or one
that is more susceptible to wind-driven ventilation (for example, in an area of greater
wind speeds) may have enough natural ventilation to adequately mix all the air within
the zone and hence not exhibit the same behaviour observed here.

The magnitude of infiltration rate errors resulting from incomplete mixing are due
partly to the geography of the zone being measured and the ventilation within it. Van
Buggenhout et al. (2009) observed an error of 86% between the measured and the
actual ventilation rate for a mechanically ventilated test zone with openings at each
end. Tracer gas concentration differences of up to 44% have been observed within a
single zone of a three-storey test house (Maldonado et al., 1983).

Both of these experiments were performed under different conditions to the
experiments presented here and therefore do not allow for direct comparison of errors.
However, they do show that incomplete tracer gas mixing is not a feature specific to
just our test building.

In conclusion, a lack of direct solar radiation can lead to incomplete mixing of a tracer
gas within a zone when no artificial mixing apparatus is used. It was shown that, for
the test house used in our experiments, this incomplete mixing caused an increase in
the uncertainty of our infiltration measurements from approximately 1% in a sun-
facing zone to 4% in a non-sun-facing zone in the horizontal plane. Tracer gas
concentrations in the vertical plane were observed to display good mixing in both
zones.

33



BRANZ

Study Report SR341 The role of ventilation in managing moisture inside New Zealand homes

4.4 \Ventilation measurements — two zone

As described in section 3.2.6, a comparison was made between the variability of
infiltration and ventilation rates across different airtightness levels in the test house.
This was carried out using two zones over 2 consecutive years both with and without
the supply-only ventilation system running.

Year 1

Figure 23. and Figure 24. show the total mean ventilation rates in each zone for year
1, for the infiltration-only and ventilated cases respectively. As stated in section 3.2.6,
there were ports opened to achieve the spread of airtightness levels, and year 1
included some ceiling ports.

Error bars on the plots indicate the standard deviations of the dataset. As expected,
there is a steady trend to lower flows as the airtightness increases (Figure 23.). This is
in contrast to the flows measured with the supply-only ventilation in Figure 24.
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Figure 23. Mean total ventilation rates for each zone versus airtightness —
infiltration only.

The supply-only ventilation system was switched on and the diffusers uncovered in late
May 2012. Figure 24. presents the averaged calculated flows for each of the zones
across the different airtightness levels.

As expected, average flows for each zone are substantially higher than the infiltration-
only case. However, there does not appear to be a clear trend with building
airtightness — just slightly more variation in the rates.

This can be explained by the control algorithm for the ventilation system switching on
an off as the temperature difference between the roofspace and the living space
varied.
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Figure 24. Mean ventilation rates for each zone versus airtightness — supply-only
ventilation.

Figure 25 shows the amount of airflow between zones in the infiltration-only case for
the range of airtightness levels of the test building (1, 3, 5 and 9 ACH @ 50 Pa). Each
flow is averaged over several days of measurements, and the standard deviations of
each dataset are represented by the error bars.
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Figure 25. Interzonal ventilation rates for each zone versus airtightness —
infiltration only — year 1.

Year 2

The experiments above were repeated for a second winter, but with three important
differences:

¢ No ceiling ports were opened during the experiments.

e The supply-only ventilator ducts were only open to Zone 2, so no active ventilation
took place in Zone 1.

e The default control system for the ventilation system was not used — a simple
constant rate was applied.
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The exclusion of the ceiling ports limited recirculation of exfiltrated room air back to
the room due to the ventilation system, and it limited the minimum airtightness that

could be achieved in practice (6.5 versus 9 ACH @ 50 Pa).

Results of these are shown below in Figure 26. and Figure 27.
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Figure 26. Infiltration only — year 2.
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As can be seen in Figure 26., very similar results were achieved for the infiltration-only
case from year 1 shown in Figure 23.

In Figure 27., there is a more even level of ventilation measured in the building, due to
the fan being set to a constant output. Again, the variation due to varying airtightness
of the building is quite low, indicating the dominance of the mechanical system over

the natural driving forces.
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Figure 27. Ventilation rate with supply-only ventilation — year 2.
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Discussion

As expected, the ventilation rate measurements for the infiltration-only cases show a
lack of air exchange on average — this applies for both year 1 and year 2. Even with
the building configured for 9 ACH @ 50 Pa in year 1, the mean total flows for Zones 1
and 2 are 25.1 m3/hr (equivalent to 0.13 ACH @ atmospheric pressure) and 8.7 m3/hr
(0.39 ACH @ atmospheric pressure) respectively. Though this may look as though
Zone 2 is getting sufficient ventilation, from Figure 25, it is apparent that much of the
air entering Zone 2 is coming via Zone 1, not from outdoors. This is a common trend in
the infiltration-only case.

The reason for Zone 2 being essentially a transit point for air en route to outdoors has
been identified as Zone 2 being on the leeward of the prevailing wind direction,
causing a low pressure zone in that corner of the house driving the air out of the
house.

Since Zone 1 is ventilated to a low level, it brings into question the quality of the air
ventilating Zone 2, which highlights one of the biggest difficulties with infiltration
make-up air. One is never certain of the source of this air.

The ventilation measurements for the supply-only ventilation case are shown to be
much higher on average than infiltration only. Results for year 1 indicate an overall
mean for Zone 1 of 41.6 m3/hr (0.23 ACH @ atmospheric pressure) and Zone 2 of 32.2
m3/hr (0.68 ACH @ atmospheric pressure).

The average results do not show a visible trend with airtightness of the envelope.
However, the influence of increasing infiltration and the control system of the
ventilation system is evident as the standard deviation of the measurements gets
larger as the building becomes less airtight. It is likely here that the infiltration
component is becoming significant enough to influence the overall ventilation to a
minor extent.

From Figure 23. and Figure 26., it is clear that infiltration alone cannot be expected to
provide a significant amount of make-up air as New Zealand buildings get more
airtight. Supplemental ventilation is therefore necessary if occupants do not open
windows as often as the Building Code assumes.

The work described in section 4.1 suggests that window opening cannot be relied on in
a significant number of homes. Addition of a ventilation system (whether supply only
or balanced) may be a solution for some homeowners. However, control of any system
will be an issue, particularly considering the indoor/outdoor lifestyles of many New
Zealanders during warmer months.

4.5 CONTAM modelling
4.5.1 Single-zone infiltration model

In this study, CONTAM was used to model the infiltration of the simple single-zone test
building at different airtightness levels. Each model is compared to the empirical data
obtained from the experimental building described above. Four CONTAM models were
created to simulate the four different levels of airtightness tested using the
experimental building described above — 1, 3, 5 and 9 ACH @ 50 Pa. Environmental
conditions such as temperature and wind velocity measured during each empirical
experiment were used as input parameters for the CONTAM simulation corresponding
to the same airtightness. In what follows, we present results of our simulations at each
airtightness level and their comparison to the experimental data.

37



BRANZ

Study Report SR341 The role of ventilation in managing moisture inside New Zealand homes

1 ACH @ 50 Pa model

Figure 28(a) shows the comparison between the measured infiltration rate for the
experimental test building at 1 ACH @ 50 Pa and the infiltration rate determined using
a CONTAM simulation. Due to the relatively high airtightness level and other variables
such as sampling location, tracer gas mixing profile and wind direction, we observed a
delay between changes in wind velocity and its effect on the infiltration rate. This
effect, however, was not apparent in our CONTAM simulation because it assumes
instantaneous, perfect mixing which did not occur in the test building. This delay was
allowed for in our CONTAM model by convolving the output with a kernel in the form
of an inverse Gaussian distribution. A convolution of the model was chosen over a
deconvolution of the empirical data simply to keep the empirical data intact.

The solid curve in Figure 28(a) is the result of a convolution between the output of the
CONTAM simulation and an inverse Gaussian distribution given by:

) (17)

2x u2+1

y = Ax®Texp [

where A= 530, =6, A= 10 and 8 = 4. This has the effect of shifting the CONTAM
measured infiltration rate in time so as to account for the response delay observed in
the experimental data. The multiplication factor A in Equation (17) was required
because the convolution process altered the integral of the original curve. We used A
to bring the integral of the convoluted curve to within <2% of the original curve.
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Figure 28. (a) Yellow dots = empirical measurement of the infiltration rate for the
experimental test building at 1 ACH @ 50 Pa. Blue solid line = infiltration rate of
experimental building determined using CONTAM simulation and a convolution. (b)
Graphical representation of CONTAM model used to simulate the infiltration in (a).

1 ACH @ 50 Pa was the greatest airtightness we could achieve using the experimental
building. That is to say it represents the uncontrollable background infiltration rate that
is present for all our experiments. For this reason, we used the same basic 1 ACH
model for all our modelling and simply added extra airflow paths when simulating less
airtight houses.

3 ACH @ 50 Pa Model

Figure 29 shows the comparison between an experimentally obtained infiltration rate
for the test house at 3 ACH @ 50 Pa and a CONTAM model made using the same
weather data. The graphical representation of the CONTAM model is shown in Figure
29(b). Similar to the 1 ACH @ 50 Pa case described above, we observed a delay in the
response of the empirically determined infiltration rate to changes in wind that was not
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present in the CONTAM model. To account for this in our model, we convolved the
output of the CONTAM model with a curve generated by Equation (17) with 4 = 200, v
=6,A=8and 6= 3.
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Figure 29. (a) Yellow dots = empirical measurement of the infiltration rate for the
experimental test building at 3 ACH @ 50 Pa. Blue solid line = infiltration rate of
experimental building determined using CONTAM simulation and a convolution. (b)
Graphical representation of CONTAM model used to simulate the infiltration in (a).

5 ACH @ 50 Pa Model

Figure 30 shows the comparison between the experimentally obtained infiltration rate
for the test house at 5 ACH @ 50 Pa and a CONTAM model made using the same
weather data. The graphical representation of the CONTAM model is shown in Figure
30(b). Unlike the two models above, we did not use a convolution to correct for a
delay in response time of the infiltration rate. This is because the airtightness of the
test house is low enough at 5 ACH @ 50 Pa for the wind to have an immediate effect
on the infiltration rate of the house.
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Figure 30. (a) Yellow dots = empirical measurement of the infiltration rate for the
experimental test building at 5 ACH @ 50 Pa. Blue solid line = infiltration rate of
experimental building determined using CONTAM simulation. (b) Graphical
representation of CONTAM model used to simulate the infiltration in (a).

9 ACH @ 50 Pa Model

Figure 31. shows the comparison between the measured infiltration rate for the

experimental test building at 9 ACH @ 50 Pa and the infiltration rate determined using

a CONTAM simulation. Because of the relatively low airtightness of the test house at 9
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ACH @ 50 Pa, wind effects on the infiltration rate were observed almost immediately,
eliminating the need for a convolution.
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Figure 31. (a) Yellow dots = empirical measurement of the infiltration rate for the
experimental test building at 9 ACH @ 50 Pa. Blue solid line = infiltration rate of
experimental building determined using CONTAM simulation. (b) Graphical
representation of CONTAM model used to simulate the infiltration in (a).

4.5.2 Infiltration in different cities

The four CONTAM models described in section 4.5.1 were used to model infiltration in
different climate zones within New Zealand.

Each of the four airtightness levels (1, 3, 5, and 9 ACH @ 50 Pa) were run using typical
yearly wind and temperature weather data (Liley et al., 2007) for six different
cities/regions. The inside temperature was set to a constant 18°C and an urban wind
zone assumed.

The six regions modelled were Northland, Auckland, Taupo, Wellington, Christchurch
and Dunedin. The result is an indication of expected infiltration at different levels of
airtightness for different places in New Zealand.

This can be used to help determine the level of extra ventilation required to manage
typical moisture loads inside New Zealand homes around the country.

For each of the following figures the output of the CONTAM model is shown in blue
with units of air changes per hour at atmospheric pressure. The average infiltration
rate of the CONTAM model output is given by a yellow line. A light green band is used
to illustrate the range of minimum ventilation rates amongst countries that specify a
minimum rate with the ASHRAE recommended standard given in orange (ASHRAE
Standard 62.2, 2007).
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Northland

Figure 32. shows the typical yearly infiltration rate for a single-zone house in Northland
at different airtightness levels. The 1 and 3 ACH models both used a convolution with
an inverse Gaussian distribution as described in section 4.5.1.
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Figure 32. Infiltration model for a single-zone Northland house at various
airtightness levels.
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Auckland

Figure 33 shows the typical yearly infiltration rate for a single-zone house in Auckland
at different airtightness levels. The 1 and 3 ACH models both used a convolution with
an inverse Gaussian distribution as described in section 4.5.1.
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Figure 33. Infiltration model for a single-zone Auckland house at various
airtightness levels.
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Taupo

Figure 34. shows the typical yearly infiltration rate for a single-zone house in Taupo at
different airtightness levels. The 1 and 3 ACH models both used a convolution with an
inverse Gaussian distribution as described in section 4.5.1.
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Figure 34. Infiltration model for a single-zone Taupo house at various airtightness
levels.
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Wellington

Figure 35 shows the typical yearly infiltration rate for a single-zone house in Wellington
at different airtightness levels. The 1 and 3 ACH models both used a convolution with
an inverse Gaussian distribution as described in section 4.5.1.
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Figure 35. Infiltration model for a single-zone Wellington house at various
airtightness levels.
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Christchurch

Figure 36. shows the typical yearly infiltration rate for a single-zone house in
Christchurch at different airtightness levels. The 1 and 3 ACH models both used a
convolution with an inverse Gaussian distribution as described in section 4.5.1.
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Figure 36. Infiltration model for a single-zone Christchurch house at various
airtightness levels.
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Dunedin

Figure 37. shows the typical yearly infiltration rate for a single-zone house in Dunedin
at different airtightness levels. The 1 and 3 ACH models both used a convolution with
an inverse Gaussian distribution as described in section 4.5.1.
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Figure 37. Infiltration model for a single-zone Dunedin house at various airtightness
levels.

Summary of results

Table 6. Mean, maximum and minimum infiltration rates at different airtightness
levels for different regions around New Zealand. Values were deduced from the
models shown above with units given in given in ACH @ atmospheric pressure.

Northland Auckland Taupo Wellington |Christchurch| Dunedin
Tl z |z |2z 2=zl |2 z|l=z|2|=z|=2|2]|=|-=
g g|/5|8|¥|5|8|g|5|8|¥|5|8| g |5 |8 |%¥|5

0.037/0.13 |0.005(0.046| 0.14 |0.004(0.027| 0.10 (0.007|0.043| 0.13 |0.010/0.036| 0.10 |0.008|0.043| 0.15 |0.009

0.058| 0.21 |0.008(0.073| 0.21 |0.007/0.044{ 0.16 (0.012|0.067| 0.20 |0.017/0.058| 0.16 |0.016|0.068| 0.26 |0.014

0.120.64|0.002| 0.15 | 0.85 |0.002|0.086| 1.02 |0.002( 0.13 | 0.87|0.002| 0.12 | 0.76| 0 |0.14|1.050.002

| U w| | ed0S © HOV

0.23]0.95(0.014/0.27 | 1.2 |0.001{0.26| 1.4 (0.001|0.27| 1.2 |0.007|0.31|1.04|0.001|0.32 | 1.4 |0.019

The yearly mean infiltration rate is below the ASHRAE recommended value for
acceptable ventilation in all the cities we tested below 9 ACH @ 50 Pa. This result
highlights the importance of additional ventilation measures, such as opening windows,
in achieving a healthy indoor environment. Table 6 provides a summary of the mean,
maximum and minimum infiltration rates for the different regions modelled above.
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4.5.3 Two-zone infiltration and ventilation model

The experiments described in section 3.2.6, which are presented in section 4.4, were
modelled with the two-zone infiltration and ventilation model described in section
3.2.9. For these experiments, the building was configured as a two-zone system
(Figure 9.). Eight models were run in total, and comparisons between the flows
calculated in the models and the tracer gas experiments are given below. Figure 38.
compares the modelled and measured results where a supply-only ventilator was
running at a constant rate in the building. The comparison is of the flows in Zone 2
only. Figure 39. compares the measured and modelled air change rates for the
infiltration-only case, again for Zone 2 only. For both figures, the data presented is the
mean rate of the dataset, with the error bars representing the standard deviation.
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Figure 38. Mean measured and modelled air change rate in Zone 2 over a range of
airtightness levels with supply-only ventilation.

Figure 38. show good agreement between measured and modelled data, where the
data points and error bars are well within an acceptable range. The higher rate at 5
ACH @ 50 Pa is thought to be due to the wind conditions at the time of the
experiment, and the model has captured this well.

Mean air change rate for the two measured and modelled data agree well in Figure
39., with a slight discrepancy at 1 ACH @ 50Pa, where applying the convolution used
in section 4.5.1 would yield some improvement. What is evident in Figure 39. is that
there is a wider dynamic range in the model compared with the measured data, which
is a known limitation of the assumed instant mixing in CONTAM.

The agreement in both sets of models gives confidence that using a two-zone
modelling technique in CONTAM will give good agreement to reality. What is crucial,
though, is that a building is well categorised in order to estimate the number and size
of leakage openings to place in the CONTAM model. This categorisation comes from
two sources — an airtightness test and tracer gas experiments.

The models above cover a two-zone building with an airtightness being one of 1, 3, 5
or 6.5 ACH @ 50 Pa and also have the option to supply air at a known rate from the
roofspace of the dwelling. This has resulted in a valuable tool for extrapolating the
results of contaminant removal effectiveness to different dwelling typologies and
climate zones in the country.
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Figure 39. Mean measured and modelled air change rate in Zone 2 over a range of
airtightness levels — infiltration only.

4.6 Moisture removal effectiveness

Table 7 presents the results of the moisture removal effectiveness experiments
described in section 3.2.7. It presents the mean age of CO; (as a proxy for air), the
mean age of moisture and the ratio of the two. The mean ages are represented in
hours. Experiments were undertaken for four different airtightness configurations, both
with and without a supply-only ventilation system running.

Table 7. Mean age of CO2 and mean age of moisture.

Ventilation |Airtightness |Mean age Mean age Relative contaminant
configuration|[ACH @ 50 Pa] ([CO2 [hours] |moisture [hours] removal effectiveness [-]
Infiltration only 9 3.1 11.4 0.27
Infiltration only 5 3.86 11.6 0.33
Infiltration only 3 5.1 11.8 0.43
Infiltration only 1 14.1 12.2 1.16
Supply only 9 1.0 8.9 0.11
Supply only 5 1.0 8.4 0.12
Supply only 3 0.9 9.3 0.10
Supply only 1 1.2 7.7 0.16

In the infiltration-only case, there is a trend to higher mean age of CO; as the building
becomes more airtight, with little change to the mean age of moisture over the range
of airtightness levels studied. The increase in mean age of CO; follows the general
trend for ventilation rates identified in Figure 23.

The transition from infiltration-only to supply-only ventilation resulted in a large drop in
the mean age of CO;, dropping to about 1 hour. There was little variation in the mean
age of CO; with airtightness under the positively ventilated regime, where the variation
of total ventilation rate was not heavily impacted by the additional infiltration as the
airtightness was relaxed. In these cases, the supply-only ventilator dominated the total
ventilation rate, with the average ventilation rates being similar for each airtightness
level.
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The large difference between the infiltration-only and the ventilated case for the mean
age of CO; is not seen to the same extent for the mean age of moisture. There is
some change, dropping from approximately 11.5 hours down to 8.5 hours, but the
reduction is certainly not of the same magnitude as the CO, case. Interestingly, the
mean age of moisture in the supply-only ventilation case suggests a weak upward
trend as airtightness is increased. Previous field research of this style of ventilation
(Pollard and McNeil, 2010) has shown that, in some cases, the ventilation system could
be adding moisture when the absolute moisture content of the roofspace air was
higher than that of the dwelling. This could be a contributing factor to this trend,
although there is not enough data in this study to confirm this.

Two other factors limit the application of mean age calculation to moisture. Firstly, the
buffering of the room is not considered in the mean age calculations, and secondly,
incoming air is also likely to be a source of moisture. The modelling results of sections
4.6.1 and 4.6.2 demonstrate that this buffering by materials is still a significant
component.

Additional experiments changing the dosing rate of moisture may prove useful in
determining the limits of each particular ventilation configuration as the effect of
sorption into the building materials changes. There is a clear difference between
having mechanical ventilation and having infiltration only.

4.6.1 Rode model

The experiments above indicated a strong dependence on the accumulation of
moisture into materials in the room. For this reason, the Rode model (see section
3.2.7.1) was implemented to investigate the contribution of different materials in the
room. As the room was unfurnished, this amounted to the absorption by the walls and
floors and condensation on the glazing.

Two example plots of the model output versus measured values for the Rode model
are shown in Figure 40. and Figure 41., with the time where dosing began marked on
the plots with a vertical line. Results are presented as humidity ratio of the air. There is
a slight phase shift in the data due to the averaging routine used. The modelled data
follows the general trend of the measured data with reasonable agreement. However,
the release of some buffered moisture is evident as a second peak just after 6am,
which the model does not capture.
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Figure 40. Measured and modelled humidity ratio, 3 ACH @ 50 Pa — supply only.
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This peak coincides with switching the heating on in the room, and it is thought that it
is condensed water on the glazing evaporating, adding to the measured amount of
moisture in the air.

If we calculate the area under the curve for each of the plots in Figure 40. and Figure
41., the differences are quite small — 3.2% for the infiltration-only case and 0.03% for
the supply-only ventilation case. In both these cases, the modelled data is slightly
underestimated. The agreement between the total areas under the curves indicates
that the differences observed looking at the plots are an artefact that can be attributed
to sorption/buffering in the room.

Day profile of Humidity Ratios, 2013- 05- 27

0.0075 SR N
2 / i N
= 0.0070 ’ / 3
el /
S’ | | o)
= ) \ == = Calculated Zone 2
= 0.0065 \ \ |
= / e b Measured Zone 2
[ \
& 0.0060 — \
-
= 00055 ~

- -
\
0.0050 N
00:00 12:00 00:00 12:00
Time of day

Figure 41. Measured and modelled humidity ratio, 1 ACH @ 50 Pa - infiltration only.

As it stands, the implementation of the Rode model does not have a term for
accumulation on the glass. It was decided that, for future work, the ventilation stream
of WAVE would adopt the BRANZ nodal model (see section 3.2.7.1). The BRANZ nodal
model has a more flexible interface, allowing for the addition of new nodes to
represent additional elements, making the process much faster than modifying the
Rode model at a very low level each time we want to vary the system under
investigation.

The next section describes the results of using the nodal model to understand the
experiments in section 3.2.7.

4.6.2 Nodal model

The measurements described in section 3.2.7 on moisture removal effectiveness were
modelled with the nodal model described in section 3.2.7.1. In these experiments, the
building was configured as a two-zone system in (Figure 9.), where moisture was
dosed into the smaller zone (Zone 2) overnight. The dosage rate was equivalent to two
sleeping adults. Dosing was switched on in the room for 8 hours/night, starting at
10pm and ending at 6am.

The modelling results are presented in Figure 42 and Figure 43. In both cases, the
building was configured to an airtightness of 3 ACH @ 50 Pa, with Figure 42
representing the case where there was no additional ventilation, and Figure 43. where
there was a supply-only roofspace-sourced system ventilating at a constant rate.
Measured airflows from the experiments were input into the model in order to model
the experiments in the greatest detail possible.
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Figure 42 compares the measurements in Zone 2 with the output from the nodal
model. The measured relative humidity (RH, in red) is compared to the relative
humidity as calculated by the model (in blue). The amount of condensation on the
node representing the single-glazed windows is plotted in green against a secondary
axis.

The agreement between the measured and modelled RH is reasonably good — the
mean and standard deviation of the measured data are 94.1% and 5.5%. For the
modelled data, these are 87.8% and 9.5%, which does indicate the model appears to
be buffering the moisture in the air a little more than reality. The individual moisture
dosing periods are evident as the three broad peaks in the two RH curves, starting at
approximately 5, 30 and 56 hours.
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Figure 42. Relative humidity and condensation curves for infiltration-only case.
Solid line = measured relative humidity in the centre of the room. Dashed line =;
model fit of relative humidity. Dash-dot line = amount of condensation on the
window given by the right-hand axis.

The node representing the condensation on the glazing is showing an interesting
result, which agrees well with what was seen in reality. In effect, the window is not
recovering from the moisture dosing the night before. There is a decrease in the
amount of condensation for a brief period, but the next dosing event occurs before it is
able to dry completely. It is worth noting here that the maximum amount of
condensation on the windows in this test building was of the order of 70 gm?, which
this model is very close to reaching.

Figure 43. show the results from the nodal model for a case similar to the one above
but with a supply-only ventilator ventilating the room at a rate of approximately 16 I/s.
The plot shows two consecutive nights of moisture dosing, with the dosing events
starting at hours 22 and 46. The agreement of the RH between the measured and
modelled data is better than the infiltration-only case. In both cases, the mean RH has
dropped substantially to 74.6% and 72.3% for the measured and modelled data
respectively. Standard deviations are 9.3% and 14.5%. There is a significant difference
in the amount of condensation on the glazing for this case. There is still condensation
occurring on the glass, but the amount and duration is quite different from the work in
Figure 42. This and the change in mean RH are strongly indicative of the effect the
additional ventilation is having on the amount of moisture retained in the room.
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The level of condensation is only reaching 6 g/m? at worst, which is an order of
magnitude less that the infiltration-only case. More important, however, is that the
accumulated moisture is evaporating during the day.
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Figure 43. Relative humidity and condensation curves with ventilation system on.
Solid line = measured relative humidity in the centre of the room. Dashed line =
model fit of relative humidity. Dash-dot line = amount of condensation on the
window given by the right-hand axis.

4.7 Control system evaluation

This section presents the results from the moisture flow measurements within two
Dunedin homes (labelled DUD 131 and DUD 132) described in section 3.3. The figures
and raw data from which conclusions have been drawn here have been published
elsewhere in an internal BRANZ publication.

4.7.1 Empirical measurement summary

This analysis focuses on the different patterns of heat and water vapour transfer that
occurred in each season. Dunedin has a typical temperate maritime climate with four
distinct seasons. For each season, a 5-day period that represents typical weather for
that season was chosen. Each period is as near to the solstice or equinox of each
season as was feasible to still capture typical weather. Where the 5 days around the
solstice or equinox were not representative of that season’s typical weather (for
instance, it rained heavily for the week around the summer solstice in 2013 while the
rest of the summer was comparably dry and warmer), a 5-day period as close as
possible to the solstice was used instead. These assessments of typical weather were
informed by using measured data at the site and ancillary information.

4.7.2 WUFI Plus modelling summary

To examine moisture flows for DUD 131 and DUD 132, the following parameters
output by WUFI Plus were integrated over the period of interest to get the mass (kg)
of moisture transferred: moisture exchange with partitions (kg/h); inner moisture
source (kg/h); moisture flow due to natural ventilation and infiltration (kg/h); moisture
flow due to mechanical ventilation (kg/h); moisture flow due to interzone ventilation
(kg/h). The parameters are summarised in Table 8.. Output figures are presented
elsewhere as part of an internal BRANZ publication.
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Table 8. Parameters output by WUFI Plus model of two Mosgiel-based homes using
supply-only ventilation systems.

Moisture exchange with partitions (kg/h) | Moisture exchanged with building materials

Inner moisture source (kg/h) Moisture sourced from within the zone —
assumed to be zero in the model runs here

Moisture flow due to natural ventilation | Moisture flow through windows, doors, gaps in

and infiltration (kg/h) building structure/materials

Moisture flow due to mechanical Moisture flow due to extract fans or other

ventilation (kg/h) mechanical ventilation — assumed to be zero in
the model runs here

Moisture flow due to interzone Moisture flow due to the positive-pressure mec

ventilation (kg/h) hanical ventilation system pumping air from

the attic to the inside of the house

To examine heat flows, the parameter heat flow interzone ventilation (kW) output by
WUFI Plus was integrated over the period of interest to get the net heat flow (kwh).
All values greater than zero were integrated to get heat gains (kWh), and all values
less than zero were integrated to get heat losses (kWh) due to interzone ventilation
under the prototype control algorithm regimes.

4.7.2.1  House DUD 131

There was never a time in July 2013, September 2013 and March 2014 when there
was both a temperature benefit and an absolute humidity benefit to pumping
roofspace air into the living space. However, there were times during September 2013
and March 2014 (but not July 2013) when there was both a temperature and relative
humidity benefit to pumping air from the roofspace into the living space. These facts
had important implications for the prototype algorithms:

e The BangBang_QDiff_And_TDiff algorithm (Equation (13)) yielded entirely 0 Ls™!
flow rates, and there was no heat and no moisture transfer into the house. This
therefore does not seem to be much of a control algorithm, since the system is
effectively turned off during those periods. It does, however, suggest that the most
effective way to reduce absolute humidity in the house while still maximising heat
flow from the roof to indoors is to turn the fan off altogether. This is in direct
contrast to some existing control systems where the fan is constantly on, typically
at a reduced rate, regardless of temperature difference.

e The BangBang_RHDiff_And_TDiff algorithm (Equation (14)) yielded the most
promising results when it gave non-zero flow rates (September 2013 and March
2014). These periods led to minimised heat losses compared to the actual flow
rates case (—0.501 kWh and —1.74 kWh, compared to —45.7 kWh and —88.1
kWh). Although the heat gains were less (33.4 kWh and 74.1 kWh, compared to
131 kWh and 118 kWh), net heat gains existed (32.9 kWh and 72.4 kWh,
compared to 84.9 kWh and 30.0 kwh). There was also a much smaller moisture
transport from the roofspace to the living space (101 kg and 304 kg respectively
compared to 895 kg and 1228 kg for actual flow rates case). If the objective of an
alternative control algorithm was to minimise unwanted cooling and minimise
moisture transport for the roofspace into the living space, this algorithm seems to
meet those objectives, at least for the periods studied. However, it should be noted
that the net heat gains are not large (at most around 3 kWh per day).

e The BangBang_RHDiff_And_TDiff_with_baseline algorithm (Equation (15)) set a
minimum flow rate of 40 Ls! and then applied higher flow rates when there was
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both a temperature and relative humidity benefit to pumping air from the roofspace
into the house. The results were similar to those from the actual flow rates but with
slightly reduced net heat gains, heat gains, heat losses and moisture transport
from the roofspace into the living space. This algorithm did not appear to be a
huge improvement on the actual flow rates. It was only ever intended to be a clear
comparison with the BangBang_RHDiff_And_TDiff (Equation (14)) to show the
impacts due to keeping the low baseline flow rate at all times, which the existing
system uses. It appears that the low baseline flow rate in the existing system does
not yield a net benefit in terms of heat nor a large reduction in moisture flow
compared to the same control strategy without a baseline flow rate.

The Proportional_QDiff algorithm (Equation (16)) led only to heat losses, because
as stated above, there was never a time in July 2013, September 2013 and March
2014 when there was both a temperature benefit and an absolute humidity benefit
to pumping roofspace air into the living space. There were very small moisture
transport values (2.72 kg, 9.48 kg and 4.51 kg respectively), but overall, this
algorithm was not that promising.

4.7.2.2 House DUD 132

Unlike for DUD 131, for DUD 132, the periods 1-23 July 2014, 1-30 September 2013
and 7-31 March 2014 all had times when there was both a temperature benefit and an
absolute humidity benefit to pumping roofspace air into the living space. There were
also times during all of those periods when there was both a temperature and relative
humidity benefit to pumping air from the roofspace into the living space.

The BangBang_QDiff_And_TDiff algorithm (Equation (13)) yielded non-zero flow
rates, and so there was some heat and moisture transfer into the house. This
prototype control algorithm resulted in lower net heat gains compared to those
from actual flow rates (0.842 kWh, 143 kWh and 113 kWh, compared to 34.5 kWh,
274 kWh and 139 kWh) with lower heat losses (—0.0266 kWh, —0.474 kWh and
—3.80 kWh, compared to —17.4 kWh, —23.1 kWh and —46.0 kWh) and lower heat
gains (0.869 kWh, 143 kWh and 117 kWh, compared to 51.9 kWh, 298 kWh and
185 kWh). Moisture transfers were also lower (3.98 kg, 329 kg and 396 kg,
compared to 402 kg, 957 kg and 942 kg).

The BangBang_RHDiff_And_TDiff algorithm (Equation (14)) resulted in net heat
gains that were lower in July 2014, the same in September 2013 and higher in
March 2014 (27.2 kWh, 274 kWh and 261 kWh, compared to 34.5 kWh, 274 kWh
and 139 kWh). The heat losses were lower (—0.837 kWh, —2.49 kWh and -10.6
kWh, compared to —17.4 kWh, —23.1 kWh and —46.0 kwWh), with heat gains that
were lower in July 2014 and September 2013 and higher in March 2014 (28.0 kWh,
277 kWh and 271 kWh, compared to 51.9 kWh, 298 kWh and 185 kWh). Moisture
transfers were lower in all three periods (117 kg, 688 kg and 932 kg, compared to
402 kg, 957 kg and 942 kg).

The BangBang_RHDiff_And_TDiff_with_baseline algorithm (Equation (15)) resulted
in net heat gains that were slightly lower, slightly higher and much higher in each
period (32.1 kWh, 281 kWh and 241 kWh, compared to 34.5 kWh, 274 kWh and
139 kWh). The heat losses were less (=17.2 kWh, —16.6 kWh and —37.1 kWh,
compared to —17.4 kWh, —23.1 kWh and —46.0 kWh) and heat gains slightly
lower, the same and much higher (49.2 kWh, 298 kWh and 278 kWh, compared to
51.9 kWh, 298 kWh and 185 kWh). Moisture transfers were less in July 2014 and
September 2013 but more in March 2014 (354 kg, 893 kg and 1130 kg, compared
to 402 kg, 957 kg and 942 kg).

The Proportional_QDiff algorithm (Equation (16)) resulted in net heat gains that
were much smaller, with losses in July 2014 and March 2014 (-26.2 kWh, 37.1
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kWh and —1.11 kWh, compared to 34.5 kWh, 274 kWh and 139 kWh). This result
was because both heat losses were larger in all three periods (—40.5 kWh, —29.7
kWh and —53.4 kWh, compared to —17.4 kWh, —23.1 kWh and —46.0 kWh), and
heat gains were much lower (14.3 kWh, 66.8 kWh and 52.3 kWh, compared to
51.9 kWh, 298 kWh and 185 kWh). Moisture transfers were lower in all periods
(284 kg, 490 kg and 563 kg, compared to 402 kg, 957 kg and 942 kqg).

For DUD 132, if the objective of an alternative control algorithm was to minimise
unwanted cooling and minimise moisture transport from the roofspace into the living
space, none of the algorithms seems to meet those objectives, at least for the periods
studied. This is in contrast to the results of DUD 131.

Summary

The very different results for each house could be due to a nhumber of reasons:

Although both houses are oriented with the main facade facing northwest in both
the model and in reality, DUD131 has extensive photovoltaic and solar water
heating installed, which could cause shading. DUD132 has no such installations on
the roof.

DUD131 is of older construction than DUD132 and therefore has a higher air
changes per hour rate.

The airtightness of the roofing could be having an effect of retained heat.

DUD131 has a much smaller fan installed than DUD132 (flow rates around 40 litres
per second versus fan rates in excess of 100 litres per second respectively).
DUD131 has fairly constant measured flow rates, whereas DUD132 has much
higher high flow rates and much lower low flow rates.

Table 9. Summary of results for DUD131 and DUD132.

DUD131 DUD132
Flow rates Net heat Interzone Net heat Interzone
(kwh) moisture (kWh) moisture
transfer (kg) transfer (kg)

Actual 49.0 873 34.5 402
BB_QDiff_TDiff 0 0 0.842 3.98

< | BB_RHDIff_TDiff 0 0 27.2 117

< | BB_RHDIff_TDiff_baseline 48.5 829 32.1 354
Prop_QDiff -0.410 2.72 -26.2 284
TOTAL DAYS 31 days (2013) 23 days (2014)
Actual 84.9 895 274 957

W BB_QDiff_TDiff 0 0 143 329

% BB_RHDiff TDiff 72.4 304 274 688

g_ BB_RHDiIff_TDiff baseline 29.9 1206 281 892

& | Prop_QDiff -1.36 4.51 37.1 490
TOTAL DAYS 30 days (2013) 30 days (2013)
Actual 30.0 1228 139 942
BB_QDiff_TDiff 0 0 113 396

§ BB_RHDiff TDiff 32.9 101 261 932

S | BB_RHDIff_TDiff_baseline 79.9 835 241 1130
Prop_QDiff -5.22 9.48 -1.11 563
TOTAL DAYS 30 days (2014) 24 days (2014)
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5. Summary

The goal of this study was to investigate the use of ventilation as a means of creating
dry, healthy New Zealand homes. Moisture is a well documented problem in many New
Zealand houses and is likely to increase as we trend towards more airtight houses
without dedicated ventilation systems. We used a combination of empirical data and
complex modelling to first highlight the state of ventilation in New Zealand homes and
then measure its effectiveness in removing moisture. It is clear from our findings that
ventilation is an effective tool for removing moisture and contaminants from the indoor
living space. However, infiltration alone is often not enough. Furthermore, our results
suggest that the provision for openable windows in clause G4 of the Building Code as
the lowest compliance solution for ventilation should be reviewed. With current
increasing airtightness trends, it is becoming ever more important to consider
ventilation requirements at the design stage of new houses and incorporate them into
the structure of the house. There is potential to fall into the trap of continuing to build
more airtight, particularly for the purpose of energy efficiency, while ignoring the
requirement for adequate ventilation. As we showed in this report, this can lead to
increased levels of internal moisture. Since openable windows are the simplest
compliance solution for ventilation in new homes, it would be prudent to investigate
the role occupant behaviour plays in how often windows are actually opened, as well
as other means of ventilation. Future BRANZ research aims to address this question as
well as keeping track of current airtightness trends. Key findings from the research
described in this report are as follows:

1. A survey of the ventilation and airtightness of 36 houses built after 1994 was
conducted. This showed a continued trend of increased airtightness compared to
previous surveys of older houses, with the mean airtightness dropping from 8.5 to
6.7 ACH @ 50 Pa. It was also noted that newer houses fell within a smaller range
of airtightness levels, indicating more consistent construction. Average ventilation
measurements of the same houses taken over 3—4 weeks showed very little change
from the background infiltration rate in the majority of houses, suggesting limited
window opening during that time.

2. A new test building was constructed for the purpose of this project. The 91 m?
building was detailed to have an infiltration of 1 ACH @ 50 Pa. Sealable ports were
added in the floor, walls and ceiling such that the airtightness could be varied from
1-13 ACH @ 50 Pa. This allowed us to test different ventilation methods under the
same conditions across a range of airtightness levels and provided crucial data to
benchmark our models against.

3. We investigated the common assumption that tracer gas is homogeneously mixed
with both the air already in the zone and air entering the zone. These experiments
were conducted in both the vertical and horizontal plane of a north-facing zone and
a south-facing zone. Good mixing was observed in both zones in the vertical plane.
However, horizontal mixing in the south-facing zone appears to suffer from
stratification during certain parts of the day leading to an uncertainty in infiltration
of up to 4%. The underlying driver of poor mixing appeared to be due to a lack of
solar radiation creating convections through temperature gradients.

4. At airtightness levels in our test house below 3 ACH @ 50 Pa, a delay between
changes in wind velocity and the measured infiltration rate was observed. This
effect was not captured in our modelling, as they assume instantaneous, perfect
mixing, which was not occurring. We addressed this issue by computationally
smoothing the output and convolving it with a response function to imitate what
we observed in the empirical data. This was then applied to all our single-zone
CONTAM models.
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5. A single-zone CONTAM model was created for airtightness levels of 1, 3, 5 and 9

ACH @ 50 Pa and benchmarked against empirical infiltration data from our test
house. Using these models and typical mean year (TMY) weather data from NIWA,
we modelled the background infiltration rate for different New Zealand cities.
Although we only examined six different cities, these models could be used to
estimate the infiltration rate of a single-zone building in any part of the country for
which TMY data is available. This is useful when determining if extra ventilation (if
any) is needed for different houses to effectively manage moisture and other
pollutants. Our models showed that infiltration alone is not enough to keep the
mean ventilation rate over an entire year within an acceptable range for any of the
conditions we examined.

. We extended our CONTAM model to a two-zone dwelling with an option of

including a ventilation system drawing air from the roofspace into the living space.
These models were created for infiltration rates of 1, 3, 5 and 6.5 ACH @ 50 Pa
and were benchmarked against empirical data taken from our test house. Such
models are a valuable tool for estimating the amount of ventilation required for a
two-zone building and what effect it might have on contaminant removal. The
versatility of these models means they can be used to simulate weather conditions
in different parts of the country by importing the appropriate weather files.

. We measured the mean age of air and moisture in our test house for different

airtightness levels both with and without a supply-only ventilation system running.
Although there is a distinct decrease in mean age of moisture when the ventilation
system is turned on, it is not as pronounced as the decrease in the mean age of
air. This phenomenon is due to the moisture-buffering effects of materials inside
the house delaying the expulsion of moisture through ventilation. It was also
noted, particularly in the infiltration-only case, that infiltration air on the windward
side of the building traversed the entire inside of the building before being expelled
on the leeward side. This resulted in an increase in the mean age of both air and
moisture and highlights the importance of managing moisture at the source and
considering the trajectory of air before it is extracted.

. We developed a nodal model for simulating the mean age of moisture inside a

house. This was in response to an earlier model developed by Rode et al. (2001)
that we found did not adequately account for condensation forming on glass.
Furthermore, our model also captures the moisture-buffering effect we observed in
our experiments and has the flexibility to easily add more buffering materials,
which the Rode model can not do. We benchmarked our model against empirical
data from our test house and showed it to be in excellent agreement.

. The effectiveness of four different control algorithms for supply-only ventilation

systems was compared in situ for temperature, humidity and flow. Two different
homes in Mosgiel, Dunedin, were used for this experiment, each yielding quite
different results. One home suggested that an algorithm that controlled flow based
on relative humidity difference and temperature difference between the roofspace
and the living area below was the best method for minimising moisture transport
and unwanted cooling. This result, however, was not backed up by the second
home. Differences in house design, structure and fan size are attributed with the
differing conclusions. What this study did suggest, however, is that determining
optimal supply-only ventilation settings is not a trivial task and requires detailed
knowledge of the building being considered.
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