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ABSTRACT

Since the invention of airconditioning over 100 years ago a central research challenge has
been to define the indoor environmental temperatures best suited for occupants. The first
scientific approach to this question was framed in terms of optimising occupant thermal
comfort, commonly expressed as a U-function, symmetrical around a single optimum
temperature for any given combination of the remaining comfort parameters (ISO, 2005). The
inescapable conclusion drawn from such logic in the minds of risk-averse design engineers is
that the only strategy able to reliably deliver occupant comfort is HVAC applied to sealed-

facade architecture.

A rigorous scientific rebuttal of the “single temperature optimum” model of comfort came 30
years after PMV/PPD was first floated (e.g. de Dear and Brager, 1998; 2001). Known as the
adaptive comfort model, a clear implication is that passive design solutions are capable of
delivering comfortable internal environments across a broad swathe of climate zones,
throughout most if not all of the year. But recently the “single temperature optimum” model
has resurfaced, this time with its justification shifting away from the thermal comfort
requirements of occupants towards their cognitive performance.

Beyond the building science domain, in disciplines such as psychology and ergonomics, the
prevailing wisdom regarding temperature effects on cognitive performance is an extended-U
rather than an inverted U function. The gist of the model is that cognitive performance is
relatively stable throughout the moderate temperature range, but it rapidly deteriorates at the
boundaries of thermal acceptability where stress drains the performers’ attentional resources.
The extended-U model has garnered broad acceptance across a range of disciplines with the
notable exception of HVAC engineering and indoor air sciences. But the weight of research
evidence tends to support the extended- rather than inverted-U model. In this paper the
arguments regarding thermal effects on cognitive performance are critically evaluated.

KEYWORDS
Cognitive performance, arousal theory, temperature optimum, adaptive model.

INTRODUCTION

The effect of the thermal environment on performance and productivity has been a focus of
interest among indoor environmental researchers for nearly a century, but most of that work
has been conducted in relative isolation from the cognate disciplines of human performance
evaluation. In his wide-ranging survey of the indoor environmental research domain Corsi
(2015) observed that ... indoor air scientists all too often work in narrow trenches,
interacting primarily with those they have interacted with for years, content to dig more
deeply into that of which they already have significant knowledge, and unaware of the
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connections that their work may have to those who dig in other trenches.” This insularity is
clearly evident in cognitive performance research theme.

The range of indoor temperatures deemed acceptable has a strong bearing on building energy
requirements because it constrains the geographic scope as well as the seasonal duration when
passive designs are able to achieve acceptable indoor environments. Secondly, the design
temperature range indoors directly impacts energy required by active systems (HVAC) to
achieve them. Up until about the end of the last century the range of indoor design
temperatures was mostly couched in terms of thermal comfort. Simple comfort models
suggested that a range of = 1.5K around an invariant optimum temperature could ensure 90%
occupant thermal acceptability (Fanger, 1970; ISO, 2005). However, more recent adaptive
thermal comfort models have challenged these narrow temperature prescriptions with strong
empirical evidence that indoor comfort temperatures are dependent on outdoor climatic
conditions (e.g. de Dear and Brager, 1998, 2001). The adaptive comfort approach encourages
warmer indoor temperatures in warmer climate zones and seasons, and vice versa in cooler
climates and seasons. In response to this debunking of the comfort arguments HVAC peak
bodies such as REHVA and ASHRAE have shifted their justifications for tight indoor
temperature control away from occupant comfort towards occupant productivity (ASHRAE,
2013). Since these HVAC peak bodies exert a strong influence on air conditioning practices,
HVAC-related energy and greenhouse gas emissions well beyond their European and North
American jurisdictions, it behooves us to critically review the scientific evidence put forward
in support of temperature effects on cognitive performance.

In this review we examine a broad collection of papers, all specifically examining the effects
of thermal environment on cognitive performance, but from a variety of disciplinary
perspectives beyond the indoor environmental sciences.

LITERATURE REVIEW

Moderate indoor thermal environments are far from hyper- and hypo-thermic scenarios
because they pose no threat to health and safety. Nevertheless they are still capable of exerting
adverse impacts on building occupants’ cognitive performance, although the literature remains
conflicted on the significance of these impacts. Two distinct theoretical perspectives have
emerged. The first posits a dose-response relationship between the indoor thermal
environment and cognitive performance, with any deviation from thermal optimum leading to
a decrement in performance and productivity. The second position asserts that, depending on
the thermal intensity of exposure, type of cognitive activity, and other attenuating factors,
externally imposed cognitive demands can be absorbed by the buffering capacity or
“cognitive reserve” of the subject, with little or no deleterious effect appearing until those
adaptive resources are depleted.

The inverted-U model

Arousal theory (e.g. Duffy, 1962) has been ubiquitous in the stress literature. Alternatively
known as the Yerkes-Dodson law, it postulates an inverted-U relationship. Performance of a
particular task improves as arousal increases until reaching an optimal level for the task in
question. Beyond this optimum, performance starts to decline when the arousal level
continues to rise, and likewise with reductions below the optimal level of arousal. In regards
to the effects of thermal environment on cognitive performance, the same inverted-U
relationship has been assumed, substituting arousal level with the intensity of the
environmental thermal load (e.g. Griffith and Boyce, 1971).
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In the indoor environmental science domain, arousal theory and the associated inverted-U
relationship, has held sway for several decades, judging by the number of citations it has
received. Arithmetic relationships have been proposed by different researchers to quantify the
performance decrement in percentage terms as room temperature (or thermal sensation)
deviates from the single optimum. These functions have then been widely applied to cost-
benefit analyses that trade off the costs of lost performance from the building’s workforce
against the costs of variations in building and building services design, retrofits, and
operational facilities management practices. Seppénen and Fisk (2006) along with Seppénen
et al. (2006) have emerged as the most influential studies in the indoor environmental science
literature. Their meta-analysis collated 24 previously published studies, then fitted an
inverted-U relationship to the summary data. The resulting model shows performance
increasing as temperatures increased towards 21.6 °C, then decreasing in temperatures beyond
22 °C. The same inverted-U relationship is mirrored in the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers’ Handbook of Fundamentals (2013), but
instead of room temperature, as in Seppénen et al. (2006), the ASHRAE Handbook shows the
x-axis as room temperature relative to the optimal comfort temperature T. for the group.
Despite the large variance in data points in the meta-analysis, ASHRAE’s Handbook of
Fundamentals graph shows a smooth parabolic curve for performance, peaking at the
optimum comfort temperature (corresponding to “neutral” thermal sensation), and then
tapering off as soon as room temperature deviates from neutrality (Figure 1).
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Figure 1 Relative performance of office work vs. deviation from optimal comfort
temperature Tc (adapted from ASHRAE Handbook of Fundamentals, 2013).

The extended-U model

The extended-U model, initially proposed by Hancock and Warm (1989) and also known as
the Maximal Adaptability Model contends that human performance remains relatively stable
across a broad range, but rapidly deteriorates at the boundaries of thermal acceptability
(Figure 2). Thermal stress exerts its adverse impacts on performance by consuming and
ultimately depleting the performers’ attentional resources (e.g. Kahneman, 1973). The
normative zone falls in the middle of the continuum of input stress intensity, and it is here that
zero compensatory effort is required of the participant in order for them to maintain optimal
performance. The comfort zone encompasses broader conditions than the normative zone, but
cognitive adjustments are easily accomplished within the comfort zone in order to maintain a
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near-optimum level of performance. However, when the environmental stress exceeds the
comfort zone, attentional resources begin to be depleted. At first, equivalent or even improved
performance can still be achieved by psychological adaptive behaviours such as attentional
focus. Because of the central role played by psychological adaptability this region is referred
to as the psychological zone of maximal adaptability in Figure 2. When the stress level
continues to increase, human performance deteriorates as attentional resources begin to be
depleted, indicated by the dashed line at the boundary of the psychological zone of maximal
adaptability.

The extended-U model has garnered broad acceptance and currency across a range of
disciplines with the notable exception of HVAC engineering and the cognate indoor
environmental sciences. It has been confirmed by several authoritative literature reviews on
this topic, none of which were published in the HVAC engineering and building science
outlets. For example, Ramsey (1995) performed a meta-analysis on 160 individual
performance studies and concluded that mental or simple tasks would most likely undergo
negligible performance loss in hot environments, and may even be enhanced, at least for
exposures under two hours. For perceptual motor tasks other than mental tasks, performance
decrements were discernible only beyond 30°C WBGT (approximately 32°C air temperature
at 50% RH).

Figure 2 Extended-U model linking stress and performance (Hancock and Warm, 1989)



7th International Building Physics Conference, IBPC2018

Figure 3 Mental or simple task performance under thermal stress (after Ramsay, 1995)

Another definitive meta-analysis by Pilcher et al. (2002) extracted 515 effects sizes from 22
original studies, and could find no effect of temperature on mental performance in the air
temperatures ranging from 23-28.8°C at 50% RH. This meta-analysis provides some of the
strongest confirmation of the extended-U model. In Hancock et al.’s (2007) meta-analysis of
49 separate studies providing 528 effect sizes, the original studies were classified into four
effective temperature ranges: below 25.7°C, 25.7°C-29.4°C, 29.4°C-35.2°C, and above
35.2°C. It was found that, “... with the exception of the lowest temperature range, it is clear
that the effect size variation sequentially increases across the three remaining categories.
This gives rise to the proposition that performance is relatively stable over much of the
temperature range but exhibits radical variation at the highest extreme ” (p.862) and this
observation represents a core feature of the extended-U theory of stress and performance.

CONCLUSIONS

Notwithstanding its overly simplistic concept and methodological flaws throughout its
empirical bases, the inverted-U relationship has held sway in the indoor environment research
literature on thermal environmental influences on cognitive performance and productivity.
Moreover, it has permeated engineering practice, as reflected in design guidelines and
handbooks published by HVAC peak bodies. The dose-response inverted-U model has been
uncritically implemented across broad swathes of the world’s commercial building sector.
Enhancements in HVAC equipment and control technology over recent decades have
facilitated ever-tighter tolerances on indoor temperatures around a speciously defined
performance optimum. Scientifically illiterate tenants and their facility managers have begun
specifying overly stringent temperature clauses in their commercial office space lease
agreements under the mistaken belief that they will maximise productivity from their human
resources. However, this multidisciplinary review conducted in this paper finds the evidence
for the single-temperature optimum dose-response relationship between indoor environment
and occupant performance less compelling, which calls into question the crude cost/benefit of
productivity decrements prevalent in the indoor environmental and HVAC engineering
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domains. Much stronger evidence in support of an extended-U relationship exists in literature
published outside the usual for building science and indoor air fora.
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ABSTRACT

Although the majority of urban green infrastructure (GI) programs in the United States,
and elsewhere, are being driven by stormwater management challenges arising as a result of the
impervious nature of modern cities, GI is also believed to provide other benefits that enhance
urban sustainability. This paper discusses the role that GI systems might play in urban climate
adaptation strategies for cities like New York City, where increases in both temperature and
precipitation are projected over the coming decades. Examples of work conducted by the author
and colleagues in New York City to quantify the performance of urban GI are first presented.
This work includes monitoring efforts to understand how extensive green roofs retain rainfall,
reduce surface temperatures and sequester carbon. Next, a discussion of the advantages that a
distributed, or neighborhood level, GI system might bring to a climate adaptation strategy is
provided. The paper then concludes with an outline of some of the future work that is needed to
fully realize the potential of urban GI systems to address future climate change impacts.

Keywords. Green infrastructure, distributed infrastructure, urban sustainability, stormwater
management, climate adaptation

1. INTRODUCTION

The term green infrastructure (GI) was coined in 1994 as part of a greenway planning
report that advocated for land conservation through a system of greenways, or green
infrastructure, that were as well-planned and financed as traditional built infrastructure [1]. Since
then, the term has been used by planners, designers, scientists, and engineers alike to describe
networks of green space, including natural areas such as waterways and woodlands, and built
areas such as parks and community gardens - all of which are widely considered to provide an
array of services to humans and the environment [2], [3]. More recently, green infrastructure has
gained attention as a means of improving urban stormwater management. This focus has given
rise to a class of engineered green infrastructure, whose primary design purpose is to reduce
urban stormwater runoff and pollution. Examples of engineered green infrastructure (GI)
include green roofs, porous pavement, rain-gardens and rain cisterns. It is these green
infrastructure types that are those most closely associated with GI programs to promote
sustainable buildings, neighborhoods and cities. Examples of US cities where large investments
in engineered GI are currently underway include Philadelphia ($2.4 billion), New York City
($1.5 billion), Chicago ($50 million), and Cleveland ($42 million) [4]-[6].

Although the majority of urban GI programs in the US, and elsewhere, are being driven
by stormwater management challenges arising as a result of the impervious nature of modern
cities, GI is also believed to provide other benefits that advance urban sustainability. By
increasing vegetation and perviousness within city boundaries, it claimed that GI can help cool
urban environments, thus reducing urban heat island impacts [7], trap harmful air-borne
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particulates [8], sequester greenhouse gases [9], increase and/or restore urban biodiversity [10],
improve public health and well-being [11], [12] and even create so-called “green collar jobs”
[13], [14]. Thus, many GI programs are promoted not only on the basis of their stormwater
management goals, but also on the basis of these claimed co-benefits.

The goal of this paper is to examine some of the advantages and hurdles associated with
green infrastructure programs for urban sustainability. The paper will do so by using climate
adaptation as an example urban sustainability challenge. In order to focus the paper, New York
City (NYC) will be used as a case study. Nonetheless, many of the discussions and conclusions
reached in the paper are also relevant to other urban settings, as well as other sustainability
challenges.

2. CLIMATE CHANGE IMPACTS

Current climate change projections involve significant uncertainty, not least because
scenarios for future green-house gas emissions are unknown. For high emissions scenarios
(RCP8.5), mean global temperature rise is projected to be about 4°C (~ 8°F) over the course of
the 21% Century, Figure 1, while mean global sea-level rise is projected to be about 2.5 meters (~
8 feet), Figure 2. Local sea-level and temperature rises are projected to be above or below the
mean global levels shown in Figures 1 and 2, depending upon the region under consideration.

Figure 1. Past and projected changes in global mean temperature rise under different emissions
scenarios, from [15].

Figure 2. Past and projected changes in global mean sea level rise under different emissions
scenarios, from [15].
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Nonetheless, despite uncertainties in the projected magnitude of climate change effects,
there are general trends that climate scientists and others agree upon. These include a raise in
sea-levels; an increase in temperatures; changes in the patterns and amount of precipitation; a
decline in snow-cover, permafrost and sea-ice; acidification of the oceans; an increase in the
frequency, density and duration of extreme events, and a change in eco-system characteristics.
These effects will negatively impact water resources, infrastructure, food supplies and eco-
systems, as well as human health and well-being. Given the rapid pace of urbanization,
adaptation to climate change impacts is especially important for the world’s cities, which are
expected to house 66% of the world’s population by 2050 [16].

2.1 New York City Temperature and Precipitation Changes

In New York City, historic trends over the past 110 years indicate an increase in both the
average temperature and annual precipitation, as recorded at the Central Park Meteorological
Station [17]. From a baseline of the year 2000, projected climate change scenarios for a mid-
range of emissions scenarios indicate temperature rises of up to 3°C and precipitation increases
of up to 11% by the 2050s [18]. These increases will only intensify the present day challenges
New York City faces with respect to its stormwater management issues [19] and mitigation of
the urban heat island effect [20].

3. NEW YORK CITY GREEN INFRASTRUCUTRE PLAN

In 2010, New York City (NYC) released the NYC Green Infrastructure Plan, which is a
multi-decade, multi-billion-dollar plan to improve water quality in the City via the introduction
of engineered interventions such as green roofs, right-of-way bioswales, green streets and urban
street-trees into NYC’s impervious landscape [19], Figure 3. By increasing the amount of
vegetation in the City, the NYC Green Infrastructure plan aims to allow precipitation to be
soaked up locally, thereby reducing contamination of local water bodies and also incidents of
rain induced flooding.

(@) (b)

Figure 3. a) Green roof on a Columbia University building, and b) Right-of-way bioswale in the
Bronx, New York City. Image (a) courtesy of Stuart Gaffin, Columbia University. Image (b)
courtesy of Nandan Shetty, Columbia University.
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3.1 Green Infrastructure Performance Monitoring in New York City

Over the past decade, the author and her colleagues have been researching the
performance of green infrastructure in NYC from the vantage point of multiple sustainability
metrics [21]-[32], including those relevant to climate adaptation. In the following paragraphs,
some example findings are provided for the performance of a common building level GI
intervention, namely green roofs.

The two major green roof categories include extensive green roofs, whose substrates are
typically 15 cm thick or less and feature short rooting, drought resistant plants such as sedum,
and intensive green roofs, whose substrates are greater than 15 cm thick and may be sowed with
deeper rooting plants including shrubs and trees. Due to their lower cost, reduced maintenance
requirements, and lighter weight per unit area, extensive green roofs are more frequently adopted
than their intensive counterpart [27]. For this reason, the majority of green roof studies engaging
the author and her colleagues involve extensive green roofs. Figure 4 provides the location of
three of these extensive green roofs, each of which encompasses a popular construction type.
W118 is a Xero Flor America XF301+2FL vegetated mat system with a substrate depth of 32
mm, ConEd is a GreenGrid-G2 modular tray system with a substrate depth of 100mm, while
USPS is a Tecta Green built-in-place system with a substrate depth of 100mm. All three roofs are
planted with sedum species. Monitoring of green roof performance began in 2009 and has been
almost continuous since then. Further information on the characteristics of each green roof,
monitoring equipment and set-up can be found in [21].

Figure 4. Locations and rooftop views of the W118 (A), ConEd (B) and USPS (C) green roofs,
respectively. Map data retrieved from Google Maps (Google Chrome 2018).

Figure 5 summarizes stormwater retention values by storm size category for the three
extensive green roof types. As would be expected, green roof rainfall retention reduces with
increasing storm depth. Nonetheless, even for largest of storms (50mm +), rainfall retention
is

10
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30% or more of incident rainfall. In general, the thinner W118 green roof under-performs with
respect to rainfall retention in comparison to the thicker ConEd and USPS systems. Since July
2011, the date when vegetation on all three roofs was considered fully established, the observed
annual retention of the W118, ConEd and USPS green roofs has been 45.9%, 50.7% and 56.5%,
respectively.

Figure 5. Green roof stormwater retention performance for the W118, ConEd and USPS sedum
green roofs for different storm event categories.

Green roofs achieve air temperature reductions by transforming adsorbed sunlight into
water vapor through evapotranspiration (ET), also termed latent heat loss. White or “cool” roofs,
which achieve a high reflection of sunlight, are an alternative to green roofs for air temperature
reduction. Temperature data collected over a period of a year from the ConEd green roof and
nearby white and black roof treatments, show that white roof and green roof temperatures are
actually fairly close, except during summer wet periods when the efficiency of latent heat loss
lowers the green roof temperatures significantly below that of the white roof [33]. An illustration
of the surface temperature differences that are possible between black, white and green roof
areas are shown in Figure 6. It is the observation of large, surface temperatures differences like
those shown in Figure 6 (e.g., a different of 46°C between the black and green roof surfaces) that
has spurred interest in the use of vegetated GI to moderate extreme heat in urban spaces.

Figure 6. Standard (left) and Infra-red (right) photographs of an NYC based rooftop comprising
black, white and green surfaces. Image courtesy of Stuart Gaffin, Columbia University.

11
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Figure 7 provides measurements of diurnal surface-atmospheric CO> fluxes for the W118
green roof taken during the month of April. The data show the green roof to be a source of CO;
during night-time hours (0 — 5am, and 9pm to midnight) and a sink during daylight hours.
Overall, the calculated net ecosystem exchange (NEE) of CO; for the measurements shown in
Figure 7 is -116.5 g CO, m™? month™!, or -31.8 g C m™ month™!. This value is very similar to
values reported for an extensive sedum green roof located in Berlin, Germany during the Spring
growing season [34]. The authors of [34] report an annual, cumulative NEE of -313 g CO> m™
year™!, equivalent to -85 g C m™ year’!, for the green roof that they studied. For comparison [35]
estimate a NEE value of -7.33 kg C m year™! associated with carbon storage and sequestration
of the NYC urban tree cover, where area refers to the canopy area, which was obtained from
aerial photographs taken during a leaf-on state.
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Figure 7. Measured values of CO» surface-atmospheric exchange during the Spring growing
season for W118.

3.2 Green Infrastructure and Climate Adaptation

Like many other municipal green infrastructure plans, the NYC Green Infrastructure Plan
is targeting the construction of thousands of GI interventions, located on both public and private
property, to achieve the City’s stormwater management goals. The plan is therefore relying on a
distributed, or neighborhood scale, infrastructure approach to realize a city-wide objective.

Unlike centralized infrastructure approaches, which usually comprise a smaller number
of large investments, distributed infrastructure approaches can be incorporated into urban fabrics
at a range of densities and scales. These approaches can thus evolve as performative systems
over space and time as needed. Given current uncertainty in climate change projections (see
Figures 1 and 2), strategies for climate change adaptation need to be able to change as
projections improve over time and/ or impacts are better quantified. Given the flexibility with
which a distributed infrastructure system can evolve, the use of distributed infrastructure as part
of an urban climate adaptation strategy has many advantages.

Although the NYC Green Infrastructure Plan was not developed as a climate adaptation
strategy for NYC, the Plan’s promotion of green infrastructure could help mitigate the projected
effects of increased precipitation and temperatures in the City, as well as augment local carbon
sequestration (refer to Figures 5, 6 and 7). Thus the Plan, inadvertently, encourages a climate
adaptation strategy that relies on a distributed infrastructure approach in the face of ill-quantified
climate impacts.

4. CHALLENGES AND FUTURE NEEDS

12
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As discussed above, distributed GI appears to have promise as a strategy for climate
change adaptation in urban environments. Nonetheless, as discussed below, there are still hurdles
that need to be overcome in order to fully realize the actual potential of this promise.

Despite significant progress in documenting the performance of an individual GI
intervention, an understanding of how thousands of GI interventions perform as a system of
interventions remains lacking. Developing this understanding is essential to advancing system
level optimization of multi-component GI schemes for climate adaptation, or other urban
sustainability goals. Modeling approaches might be one way to make the necessary progress.
However, even in the well-studied area of stormwater management, process-based predictive
models have had limited success in forecasting the behavior of an individual GI installation [23],
let alone a multi-component GI system. One reason for this, is poor parameterization of
evapotranspiration processes for engineered GI. An alternative to systems level modeling is
systems level monitoring. This approach has the advantage of providing direct, possibly real-
time, information on neighborhood or city-wide GI performance. Furthermore, with enough data
collection, it might be possible to create data driven models to inform future system design,
optimization and operation strategies. Nonetheless, advancement of this approach will require
the development of appropriate sensor networks as well as accompanying data-management and
support systems: In other words, a “smart-cities’ type approach to urban GI programs.

Improved understanding of the role of engineered GI in mitigating urban heat island
effects is also needed. While it is true that large patches of greenery, such as NYC’s Central Park,
have measureable effects on air temperatures within the park boundary, the cooling effects
exerted by smaller areas, such as the green roofs or right-of-way bio-swales shown in Figure 3,
are less clear. Thus, more research is needed to define the scale and spatial patterns of urban
vegetation required to significantly lower air temperatures in dense urban environments like
NYC.

Different from larger-scale climate adaptation strategies, such as the installation of
massive underground stormwater storage tanks, distributed GI systems are not only comprised of
many more elements, they are also more likely to interface with urban social systems and
communities. This can add complex facets of public acceptance and stewardship to the equation
of GI performance, which are not always accounted for in GI design, siting and maintenance.
Public acceptance and stewardship lessons learned to date from NYC’s Green Infrastructure
program indicate the importance of greater public dialogue regarding infrastructure placement in
the public right-of-way (e.g. Figure 3b). In general, public acceptance of right-of-way GI in NYC
has been mixed, with many residents not embracing this vegetative intervention due to concerns
about loss of parking, accumulation of trash in the GI, dislike of GI plant palettes — especially
native grasses, and general dis-satisfaction about perceived lack of public consultation prior to
implementation. In some instances, right-of-way GI has been vandalized in ways that actually
compromise its physical performance. Survey work by the author and colleagues indicate that the
public places more value on the cultural, social and aesthetic services provided by GI, than the
environmental services. Thus, GI designs that account for public value systems, might have
better long-term performance and stewardship outcomes than present-day designs.

Currently, efforts to design GI to maximize performance beyond stormwater management
remain limited. For example, [34] note that carbon uptake by the sedum green roof they
monitored in Berlin, Germany declined when substrate moisture content fell below 0.05 m’m™,
while [33] observed that high substrate moisture contents were linked to lower green roof
temperatures. Yet, the active management of substrate moisture content to enable optimal rainfall
capture, carbon uptake and the lowering of surface temperatures is neither a design nor
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operational feature of most extensive green roofs. Going forward, more attention needs to be
paid to the design and operation of GI interventions that maximize as many sustainability
benefits as possible.

Finally, questions still remain as to how to define “acceptable” performance for a
distributed GI system, whether for the purpose of climate adaptation or not. For example, with
respect to performance redundancy, questions remain as to what is an acceptable factor of safety
for a distributed system? And should a factor of safety be applied to each individual component
of a GI system (i.e, each component has a built-in factor of safety) or the entire system itself (i.e.,
the system has redundant components)? In addition, there are questions regarding system
resiliency. For example, are distributed systems more resilient because they are comprised of
very, many components (so if several components fail the overall system performance is not
compromised) or are they less resilient because it is hard to manage and secure a system of very
many components? Furthermore, with respect to funding, what is the model for financing
distributed GI systems that are installed on private land to perform public good? These, and
other, questions will need answers if distributed GI systems are to become viable elements of
urban climate adaptation strategies.

5. CONCLUSIONS

Distributed, or neighborhood level, systems of green infrastructure can contribute to
urban sustainability goals in multiple ways. This paper discussed climate adaptation as one such
example. Because GI can be incorporated into urban fabrics at a range of densities and scales, the
performance of GI systems can evolve over space and time as needed. Given current uncertainty
in climate change projections and impacts, the flexibility of an adaptation strategy whose
performance can continually evolve has many advantages. Nevertheless, there are a number of
challenges that need to be overcome to advance the use of GI for climate adaptation.

Despite the fact that significant progress has been made in documenting the performance
capacity of individual GI interventions, an understanding of how thousands of GI interventions
perform as a system remains lacking. Developing this understanding is essential to designing
multi-component GI interventions for climate adaptation, or other urban sustainability goals. In
addition, better understanding of the scale and patterns of urban vegetation required to mitigate
urban heat island effects is needed, as are new designs for GI that optimize different performance
attributes and improve public acceptability and stewardship outcomes for GI sited in the public-
right-of way. Finally, fundamental questions regarding what defines acceptable performance for
a distributed GI system still need to be addressed.
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into advanced controls for high performance buildings
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ABSTRACT

Post Occupancy Evaluation plus Measurements (POE+M) has revealed that thermal, visual,
acoustic and even air quality standards derived through controlled experimentation alone does
not ensure comfort or health in buildings. Introducing human input into environmental standards
and into user centric controls is critically needed for a sustainable future. For over a decade,
CMU’s Center for Building Performance & Diagnostics has been gathering POE+M data from
over 1500 workstations around the world and testing the benefits on innovative environmental
control systems. The separation of ambient and task conditioning, the provision of task controls,
the introduction of occupant voting and bio-signal inputs into ambient and task set-points, offers
major gains in comfort, task performance, energy savings, as well as health and wellness.

KEYWORDS
Humans in the Loop, Internet of Things, Task and Ambient Conditioning, Bio-signals, POE

INTRODUCTION

Addressing the seriousness of climate change and resiliency necessitates breaking out of the
control impoverished, reflective, sealed commercial buildings of today. These buildings are often
driven by first least cost, treat humans as a liability by hiding sensors and controllers, and treat
nature as a liability by blocking natural solar heating and sealing out natural ventilation and
cooling. These buildings are not intelligent and not resilient. Next generation buildings will
embrace the Internet of Things (IoT) to make every point of service — every air diffuser, light
fixture, heating or cooling unit, window, shade and plug point - a point of sensing, control and
intelligent feedback (figure 1). Sensor and control rich environments will engage humans and
nature as assets for ensuring indoor environmental quality, organizational flexibility, individual
health and productivity, as well as ecological sustainability.

figure 1. Next generation buildings will be loT control rich, treating humans and nature as assets
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Post Occupancy Evaluation plus Measurement (POE+M) in 70 Federal Facilities

Over the past 20 years, The Center for Building Performance and Diagnostics (CBPD) at
Carnegie Mellon University and the U.S. General Services Administration (GSA) launched a
nation-wide effort to complete post occupancy evaluations in federal facilities before and after
the investments to improve the quality of the federal workplace. A National Environmental
Assessment Toolkit (NEAT) was developed that critically merged user satisfaction surveys (long
term and right now surveys) with physical measurements of environmental conditions and expert
walkthroughs and interviews to capture the technical attributes of the building systems that
supplied the thermal, air quality, lighting, acoustic and spatial performance (Loftness 2009, Aziz
2012, Choi 2012). Armed with national and international IEQ standards & thresholds, teams of
Carnegie Mellon faculty and graduate students surveyed, measured and recorded conditions in
over 1600 Workstations in 70 GSA buildings to build the NEAT data base, completing studies
with recommendations, and leading to numerous Masters and PhD dissertations. The term
POE+M was coined to emphasize the importance of simultaneously recording user satisfaction at
given environmental conditions and given physical configurations of the building systems.

CMU POE+M = User Satisfaction (COPE) + Environmental Conditions (NEAT) +
Technical Attributes of Building Systems (TABS)

For example, comparing field measured air temperatures with “right now” satisfaction

Reveals: that US buildings are unacceptably and unnecessarily cold in summer (figure 2); that
highest user satisfaction with air quality is achieved at CO2 thresholds of 600 ppm (p<0.05) not
the 1000 ppm presently used; that the highest satisfaction with lighting quality is achieved at less
than 250 lux, given the computer intensive tasks in the office today. POE+M data bases offer a
wealth of environmental learning and innovation (CBPD 2013), and should be the basis of both
educational and professional commitments to field studies.

figure 2. Comparing field measured air temperatures with “right now” satisfaction
reveals that US buildings are unacceptably and unnecessarily cold in summer.
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“Are Humans Good IEQ Sensors? Using occupants as sensors for thresholds that matter.”

With measurements in 1600 workstations in 64 buildings in the POE+M database, the 2014
CMU Dissertation of Jihyun Park used a rich array of statistical methods to definitely answer the
research question ‘Are Humans Good IEQ Sensors”. The thermal, air quality, lighting and
acoustic findings are both critical to building operation and future design, and statistically
significant (Park 2015). The dissertation identified five building environmental conditions
(NEAT) or physical conditions (TABS) significantly impacted thermal satisfaction: Air
temperature at 0.6 m from the floor; Radiant temperature asymmetry with fagade; Size of Zone;
Window Quality; and Level of Temperature Control. These findings challenge existing design
and engineering practices as well as existing comfort standards. For example, in 391 perimeter
workstations, satisfaction with thermal conditions (-1 to +1) cannot be achieved unless horizontal
radiant asymmetry is contained below 3.40F (p<.001), not the 180F presently in the code (see
figure 3). The highest user satisfaction with thermal conditions in summer is achieved at 76.50F
(p<0.05), not the 720F so prevalent as a year round set-point in the field, and occupants in spaces
with hidden or locked thermostats will be 20-40 % less satisfied with air temperature in their
work area (p<0.01). Beyond thermal satisfaction, the research continued to identify the building
environmental (NEAT) or physical (TABS) conditions that significantly impacted satisfaction
with air quality, lighting quality and acoustic quality.

Radiant temperature asymmetry & user satisfaction level
Perimeter Workstations (n=391)

figure 3. Comparing measured horizontal temperature asymmetry with “right now” satisfaction
suggest ASHRAE standards need to reduce acceptable delta’s from 18F to <5F (Park 2015).

The CMU Intelligent Workplace: A Living Laboratory of Systems Integration for Performance

The Intelligent Workplace is one of the most sensored and controllable workplaces worldwide,
shifting from traditional settings with one control for every 20 occupants to 20 controls for every
occupant. With the emergence of wireless sensors and controllers and the Internet of Things (IoT),
the IW is a testbed for the engagement of occupants as both sensors and controllers for the
improvement of environmental quality and energy conservation.
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In addition to field POE+M studies, the faculty and graduates in the Center for Building
Performance have been testing the performance of innovations in component and integrated
systems in the Intelligent Workplace at CMU. In collaboration with Siemens Corporate
Research, Siemens Building Technology and the U.S. Department of Energy (DOE), this living
and lived in laboratory supported two years of research on “Advanced, Integrated Controls for
40% Energy Savings in Building Operations” (figure 4) (Siemens 2012). A combination of
seasonal controlled experimentation and computer simulation revealed that up to 75% of the
ventilation energy, 36% of the heating energy, 25% of the cooling energy, and 70% of the
lighting energy could be saved in cool and temperate climates through learning, occupant and
nature responsive controls.

For example, the 36% in heating energy savings from the 2010 Baseline of US commercial
buildings with limited sensors, limited controllers and sloppy 7x24 operation could be
cumulatively reduced:

e 7.7% through updated sensors, time of day operation, and no over/under start up times;

e 15.5% through night setback A5°F and weekend setback A2-7°F; and

e 36.1% through lower ambient settings & occupant controlled low watt task heating.
The 70% in lighting energy savings from the same 2010 baseline could be cumulatively reduced:

e 40% savings by daylighting when it met space requirements alone;

e 64% savings by adding occupant scene control to daylighting; and

e 71% total savings by Daylighting + Occupant Scene Control + Daylight Harvesting

(possible through dimming controls).

figure 4. The CMU Intelligent Workplace is a living and lived in laboratory for high
performance building systems, the loT, and human and nature responsive controls

The research also demonstrated that “control density is far more important than sensor density”

and that the Internet of Things (I0T) offers a future where every node of service — every light
fixture, air diffuser, heating or cooling coil, every plug — would support control optimization that
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integrates across environmental conditioning systems, and includes occupant & natural
conditioning strategies. These advances are key to net zero energy, resiliency, as well as human
health and performance.

CoBi: Bio-Sensing Building Mechanical System Controls for Sustainably Enhancing
Individual Thermal Comfort

The CMU Intelligent Workplace has also been the testbed for numerous Master and PhD thesis
projects including the path-breaking work on human bio-signals completed by Joonho Choi
(Choi 2010, 2012). With IRB certified human subject testing of a host of bio-signals to control
thermal conditions - skin temperatures from ten body locations, heart rate, heart rate variability,
and sweat rate — the research identified the wrist as one of the most responsive body location
relative to thermal sensation and comfort, given variations in seasons, BMI, MET and CLO
conditions. When each individual’s variation in wrist temperature is correlated to their thermal
sensation votes and enabled to control air temperature, over 93% neutral sensation votes can be
achieved, with 5.9 % energy savings for office cooling. This thesis helps to illustrate the
importance of distributed controls for environmental systems and engaging occupants as sensors
and controllers for energy savings and maximum user comfort, health and task performance.

Smart Phone Controls for the Internet of Things (IoT)

The potential of micro-zoning, of separating thermal and ventilation, of layering ambient and
task conditioning, and of controlling every plug - is unlocked by the Internet of Things (IoT).
Every node of service — every light fixture, air diffuser, heating or cooling coil, window, window
shade, and even every plug — will support control optimization that integrates across
environmental conditioning systems, and includes occupant and natural conditioning strategies.
In 2010, the IW faculty began a long term collaboration with the students of Dr. Bernd Bruegge
in the Institut for Informatik at the Technical University of Munich. Through this collaboration,
the IW has been the laboratory for Bachelor, Masters and PhD thesis projects exploring the
capabilities of smart phones to provide communication, expert feedback and consulting, and
intuitive control (Peters 2012, 2016). These efforts have introduced wifi triangulation for [oT
locations, gesture and voice control, innovative smart phone based occupancy sensors,
environmental sensing, geo-fencing, smart plug data analytics and more (figure 5).

figure 5. Smart phones support intuitive gesture control of every fixture (left 2), provide energy
use information (center) and readings of individual sensors and set points (vight), (Peters, 2016)
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Persistent Workplace Energy Savings and Awareness through Intelligent Dashboards

The importance of communication, feedback, expert consulting, and multiple levels of control are
the basis of CMU’s research into Intelligent Dashboards for Occupants (ID-O). The PhD thesis of
Ray Yun explores the impact of nine critical interventions for behavioral change, structured in three
sets: Instructional interventions — education, advice and self-monitoring; Motivational
interventions — goal setting, comparison and engagement; and Supportive interventions —
communication, control and reward (figure 6). With a focus on controlling plug loads, the fastest
growing energy end use in commercial buildings, the nine-month controlled field experiment with
80 office workers at a leading green corporation in Pittsburgh revealed that occupant dashboards
for controlling desktop technology, with ongoing energy communication and expert consulting
generated by the occupants own data set, can generate up to 40% energy savings in plug loads
(Yun, 2014).

Figure 6 Desktop energy feedback and control dashboards for occupants yielded as much as
40% sustained savings from an already efficient workstation (Yun, 2014)

Occupant-oriented, mixed-mode, Energy+ predictive controls

In addition to engaging occupants directly, the power of occupancy and nature responsive building
energy management (BEM) is also a critical development for the Internet of Things. The CBPD
has been developing dynamic life-cycle building information models (DLC-BIM) into building
energy models (BIM to BEM) focused on total building performance to ensure best practices in
sustainable and green architecture. Jie Zhao completed a dissertation in 2015 demonstrating
“Design-Build-Operate Energy Information Modeling for Occupant-Oriented Predictive Building
Control”, moving from controlled experimentation in the IW to a partnership with a newly awarded
Living Building in Pittsburgh. This dissertation developed and demonstrated the concept of design-
build-operate Energy Information Modeling infrastructure (DBO-EIM), which can be used at
different stages of the building life-cycle to improve energy and thermal comfort performance
(figure 7). Given the Pittsburgh weather context and current operation, the Occupant-oriented
Mixed-mode EnergyPlus predictive control (OME+PC) system provided a 29.37% reduction in
annual HVAC energy consumption. In addition, OME+PC enables building occupants to control
their thermal environment through an internet-based dashboard, updating a design stage
EnergyPlus model for use through the entire DBO-EIM process.” (Zhao, 2015)
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Figure 7 Design-build-operate Energy Information Modeling (DBO-EIM) infrastructure (left),
and data collection and system integration architecture (Right) (Zhao, 2015)

Embracing Natural Conditioning

Erich Fromm used the term ‘biophilia’ to describe the psychological orientation of being
attracted to all that is alive and vital. EO Wilson and Stephen Kellert, in their book ‘The
Biophilia Hypothesis’ described biophilia as the links that human beings instinctively seek with
other living systems (Kellert 1993). For those of us in the bricks and systems that define
buildings, biophilia must include a passion for natural conditioning. Yet we know that advances
in conditioning systems, sensors and controls are equally invaluable to our goals of intelligence,
resiliency, health and productivity — especially in the warming and wildly fluctuating changes in
our environment. Our future is in the marriage of the high tech and the low tech. First, we must
pursue every possible hour of natural conditioning through environmental surfing for daylight,
natural ventilation, night ventilation cooling, time lag cooling, passive solar heating, evaporative
cooling and more. Then we must lightly introduce mechanical and electrical conditioning
through mixed mode design. This demands no more heavy handed, pervasive overlighting or
overcooling, and no more over-sealing, over-darkening our building facades. Instead, we must
fully design for:

Mixed Mode: Daylight & Electric Light

Mixed Mode: Natural Cooling & Mechanical

Mixed Mode: Natural Ventilation & Mechanical

Mixed Mode: Outdoor & Indoor Work/Learn/Play/Heal

For each of these mixed mode solutions, the disciplines must collaborate from the earliest stages

of design — to integrate structure, enclosure, mechanical, lighting, interiors and control systems
that fully engage nature and the building occupants in a sustainable future.
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CONCLUSION

Several decades of field and lab experiments at the Center for Building Performance and
Diagnostics at Carnegie Mellon University have demonstrated that humans are good
environmental sensors and humans are good environmental controllers, especially when given
information, recommendations, and rewards. Occupants contribution to both energy savings and
the highest level of individual satisfaction and delight is even greater when natural conditioning
opportunities are introduced — daylighting, natural ventilation, night ventilation cooling, passive
solar heating and more. Nature offers abundant, albeit variable, free energy sources for
environmental conditioning. The future of intelligent buildings for resiliency, health and
productivity depends on building systems that engage humans and nature to save energy and
increase environmental quality.
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ABSTRACT

There is growing evidence that heat waves are becoming more frequent under increased
greenhouse forcing, associated with higher daytime temperatures and reduced night-time
cooling, which might exceed the limits of thermoregulation of the human body and affect
dramatically human health. Especially urban areas are affected, since these regions in addition
experience an urban heat island (UHI) effect characterized by higher air temperatures
compared to the surrounding rural environment. A necessary breakthrough is a shift away
from a fragmented approach towards an integrated multiscale urban climate analysis. This
type of research is a rather new domain of research and might be based on an all-physics
understanding and modeling of the urban climate ranging from the scales of material and
buildings, to the scales of a group of several buildings, street canyons, neighbourhoods, cities
and urban regions, referred to as multiscale building physics. To adequately cover global and
local urban heat island effect, regional and mesoscale climate analyses have to be downscaled
to sub-kilometer resolution and linked with urban climate models at neighborhood and street
canyon scales. Such a multiscale urban climate model allows to analyze the influence of urban
and building parameters on thermal comfort and the building cooling demand. The
importance of accounting for the local urban climate when quantifying the space cooling
demands of buildings in an urban environment is demonstrated. The heat-moisture transport
model for building materials allows the design of new building materials, which can help in
the mitigation of local heat islands. With respect to evaporative cooling materials, we need to
optimize their water retention and evaporative cooling by tailoring their pore structure. The
understanding and information obtained from pore-scale investigations enables to understand
macro-scale transport processes, and enabling us to explore the potential of new evaporative
cooling materials at local urban scale.

KEYWORDS
IBPC 2018, building and urban physics, multiscale modelling, building energy demand, pore
scale modelling

THE BROAD VIEW: URBAN CLIMATE AND CLIMATE CHANGE

There is growing evidence that heat waves are becoming more frequent under increased
greenhouse forcing (e.g. Seneviratne et al. 2012, Hartmann et al. 2013, Schleussner et al.
2017). Climate simulations project an increase of the number and intensity of heatwaves and
hot extremes in many regions in the world (Sillmann et al. 2013, Fischer et al. 2014) even for
moderate scenarios of global warming of 1.5°C or 2°C (Seneviratne et al. 2016, Wartenburger
et al. 2017, Dosio et al. 2018). In future, heat waves associated with higher daytime
temperatures and reduced nighttime cooling might exceed the limits of thermoregulation of
the human body and affect dramatically human health. Switzerland experienced important
heat waves during the 2003 and 2015 summers, which were the two warmest summers over
more than 150 years. For these summers, an excess mortality of 6.9% and 5.9% respectively
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was estimated corresponding to 975 and 804 extra deaths for these years, see Figure la
(Vicedo-Cabrera et al. 2016).

Urban areas are especially affected, since these regions, in addition, experience an urban heat
island (UHI) effect characterized by higher air temperatures compared to the surrounding
rural environment (Oke 1987, Moonen et al 2012b ). Urban heat islands in cities have been
reported for more than 400 cities around the world (Santamouris and Kolokotas 2016). The
magnitude of UHI is found to vary from place to place with urban heat island intensities up to
6 - 7°C (Santamouris and Kolokotsa, 2016). For Zurich, we found an urban heat island
intensity of around 4.5 degrees during the heat wave of 2015 (see Figure 1b-c, Mussetti et al.
2016). Li and Bou-Zeid (2013) showed that the combined effect of UHI and heat waves is
larger than the sum of the two individual effects.

The UHI leads not only to a reduction of urban thermal comfort, but also to an increase in
building energy demand, especially in space cooling demand during warm periods. Due to
local and global climate change and growth of world’s population and economic, the world
global space cooling demand for buildings is expected to strongly increase in future. In 2010
the global cooling consumption of the residential sector represented 4.4 % of the total space
conditioning of buildings. This number is expected to increase to 35 % in 2050 and 61% in
2100 (Santamouris 2016, Isaac and van Vuuren 2009). Not only the annual but also the peak
cooling demands will strongly increase. This means that also the power capacity for cooling,
and thus electricity, may have to be strongly increased to satisfy future peak energy needs
(Sanatmouris 2016). Santamouris (2016) proposed three main actions to face the problem
with the increase in cooling demands: (1) mitigation of the global and local climate change,
(2) adaptation of the building sector and improvement of its energy performance and (3)
improvement of mechanical air conditioning and alternative cooling technologies.

In addition to the global UHI effect, heat waves are accompanied with local hot spots in cities,
called local heat islands (LHI), see Figure 1d (Allegrini and Carmeliet, 2016). Certain city
quarters or zones between individual buildings may show much higher air temperatures
compared to neighboring urban areas, due to lower wind speeds by wind sheltering leading to
less removal of heat. On the other hand, at low wind speeds, higher urban surface
temperatures due to solar radiation may lead to more buoyancy enhancing heat removal. As a
result, the origin of LHIs is a complex phenomenon depending on a set of parameters such as
lack of urban ventilation, lack of vegetation, densification and urban morphology.

The continuing spread of urban areas and the growing fraction of people living in cities direct
nowadays a particular spotlight on urban climate and urban heat islands, and the
corresponding effects on thermal comfort and heat stress during heat waves. As a result, many
research teams worldwide aim at formulating adequate measures to adapt to and/or mitigate
these threats, but most approaches remain fragmented focusing on specific scales or topics of
the urban climate.

A necessary breakthrough is a shift away from a fragmented approach towards an integrated
multiscale urban climate analysis. This type of urban climate research is a rather new domain
of research and might be based on an all-physics understanding and modeling of the urban
climate ranging from the scales of material and buildings, to the scales of a group of several
buildings, street canyons, neighbourhoods, cities and urban regions. The final aim is to
propose adequate urban adaptation measures for climate change (CC) at regional scale in view
of different CC scenarios and to develop adequate UHI mitigation measures. Such an
approach for urban heat island mitigation allows communities to identify spots of local heat
islands, reduced urban comfort and increased health risks, to pinpoint the causes for the
appearance of local urban heat islands, and to propose possible mitigation measures using
high-resolution urban mapping techniques.
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2 m Air Temperature [°C] at Night (06 LT) in Zurich city

Figure 1. (a) All-cause daily mortality (number of deaths) in Switzerland in 2003, from 2005 to 2014
and in 2015. Two prominent mortality peaks in the summer months, July 2015 and August 2003. (b)
Global heat island in Zurich during the heat wave of 2013: map of air temperatures at 2 m height at 12
pm averaged over 5 consecutive days. (c) Urban mapping of air temperatures at 2 m height at 6 am in
city of Ziirich showing higher air temperatures during the night. (d) Local climate at a neighborhood in
Zurich determined with coupled Building Energy - CFD simulations. Selected streamlines where
colours indicate local temperature increase due to new buildings (Allegrini and Carmeliet 2016).

WHY MULTISCALE BUILDING PHYSICS ? WHICH SCALES TO CONSIDER?

Traditional building physics focusses on the scales of materials towards building components
and buildings systems, and finally whole buildings. The aim of building physics is assuring a
correct indoor comfort with minimal building energy consumption, while guaranteeing a
correct hygrothermal and acoustic performance, maintenance and durability. Urban physics
focusses on physical processes from the scales of urban materials, to the scales of a group
several buildings, street canyons, neighbourhoods and total cities. Urban physics can be seen
as a complement to building physics, filling the missing link between studies at
meteorological and climate scales and building physics. There is nowadays not only a high
need of integrating urban and building physics, but also to develop a new discipline, called
multiscale building physics. The challenge for multiscale building physics is not only to
broaden its field over different scales from material to city scale, but also to link up with other
fields. From one side urban climate scientists and planners generally consider only UHI
mitigation measures to limit the negative impact of local heat islands. Climate model
scientists on the other hand mainly focus on the effects of greenhouse gas mitigation to limit
the climate change impact globally. A necessary breakthrough consists in the combination of
regional climate modeling combining the effects of greenhouse gas forcing on larger scales
with the assessment of UHI mitigation measures on smaller scales for local heat islands
during heat waves, and the analysis of their interaction. Such a global approach allows the
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formulation of more general UHI mitigation measures integrating the use of materials, energy
and water on different scales, which can be considered in climate change projections and
climate change adaptation.

Scales in urban climate analysis

To adequately cover global and local urban heat island effects, regional and mesoscale climate
analyses have to be downscaled to sub-kilometer resolution and linked with urban climate
models at neighborhood and street canyon scales. The scales to be considered are represented
in Figure 2. We start from global climate models and scale them down to the European (~25
km resolution) and further to the regional scale (entire Switzerland and a portion of central
Europe at 1-2 km resolution) using a regional/mesoscale climate model. The regional climate
model is further downscaled for selected cities to resolve small-scale thermal circulations and
intra-urban variability at sub-kilometer resolution (~200 m). At the urban level, we consider
city, neighborhood and street canyon scales.

Global scale
Regional scale
Mesoscale
kilometer resolution

O

B

Street canyon scale

= >

Neighborhood scale

sub-kilometer resolution

City scale

Figure 2. Different scales in urban climate modelling and multiscale building physics (photos from
Christen 2005).

MULTISCALE MODELING?

Regional and urban climate interactions

Urban surfaces interact with mesoscale meteorology and climate in several different ways
(Roth 2000; Masson 2006; Martilli 2007). Their roughness exerts enhanced drag on the flow
and they alter the surface energy balance by trapping radiation, storing heat in urban
materials, changing the ratio between sensible and latent heat fluxes, and releasing additional
heat due to human activities. These interactions motivated the development of urban canopy
parameterizations in atmospheric models enabling a better representation of the mesoscale
forcing of urban weather and climate. These models describe the sub-grid scale effects of
buildings and urban surfaces on the flow and on surface heat exchange in a parameterized
fashion, for example by representing buildings within a grid cell as a statistical ensemble of
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street canyons of different orientations and dimensions and calculating radiative transfer
(including multiple reflections between surfaces) and energy and water vapor exchange
between atmosphere and building and street surfaces in each canyon separately.

As an example, the urban heat island effect in Zurich was simulated with the climate version
of COSMO in order to capture the local atmospheric circulation influenced by the orography
and the presence of Lake Zurich, see Figures 1b-c (Mussetti et al. 2016). The model has
currently been extended with the representation of street trees and a detailed representation of
short- and long-wave radiation in the street canyons by ray tracing.

From urban to building scale: building-resolved analysis

At city scale, a CFD based urban climate model is used which, in contrast to mesoscale
models, also resolves the physical phenomena at street canyon scale. These models take into
account accurately the building and street geometry, where buildings are geometrically
resolved in computational fluid dynamics (CFD) (figure 3a). They also take into account the
used urban materials, particular weather conditions (wind, sunshine, rain, temperature, relative
humidity), shadowing, as well as the local urban water cycle.

The influence of higher scales such as the global urban heat island are modeled via
appropriate boundary conditions (wind velocity and orientation, surface temperatures) from
simulations at sub-kilometer resolution using a nesting approach (Vonlanthen et al. 2017). In
order to solve the mismatch between different scales and physics involved in the two models,
we apply a blending layer. Transpirative cooling and shadowing effects from trees as well as
the evaporative cooling effects of water bodies or absorbed water (by rain or spraying) can be
considered. Figure 3b gives an example of the air temperatures at 3 m height in downtown
Zurich during a heat wave day.

These models at city scale are further downscaled to neighborhood and street canyon scales
for selected parts of a city. At this scale, an all-physics model is used considering solar and
longwave radiation, three-dimensional turbulent wind flow and buoyancy, temperature and
relative humidity in the air domain and heat and moisture transport in the porous domains of
urban surfaces (see Figure 3¢, Kubilay et al. 2016). The surface temperatures are determined
by a thermal balance of solar and longwave radiation, convective heat transport at surfaces,
heat conduction and storage of heat in the building materials and soil, and evaporative cooling
effects. The urban climate model is extended with vegetation using a porous media approach
with sink and source terms for moisture and heat to model the transpiration and the related
transpirative cooling effect. The vegetation model includes moisture transport within the
soil/roots, tree, stem, branches and leaves, allowing the consideration of the complete water
cycle at street canyon scale between air, soil and tree. A multiphase Eulerian model for wind
driven rain has been developed and validated in order to accurately determine the wetting of
the building surfaces and soil, see Figure 3d (Kubilay et al. 2013). The wind driven rain
model is able to predict the rain load and wetting of all urban surfaces including roofs,
facades, pavements, streets, soils and other surfaces. The porous heat-moisture transport
model allows the determination of the heat and moisture transport and storage in these
materials. When evaporation occurs, evaporative cooling is considered.

The urban climate model is further integrated with an urban water cycle model including rain
and drainage systems at city scale in order to explore the potential of using urban water
resources locally for UHI mitigation, especially during heat waves. This enables the
assessment of when stormwater can be used to reduce the local heat island effects via
evaporative cooling. A thorough analysis on stormwater availability and storage potential in
cities can then be performed. This provides answers to questions such as: Is the stormwater
volume sufficient and available when required to mitigate urban heat island effects? How does
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dedicated stormwater storage solutions compare with other existing urban water infrastructure
in terms of city infrastructure retrofitting possibilities and costs?

(a) () (c)

() (e) ®

no tree
with tree

ju

Figure 3. (a) CFD mesh for the old city of Zurich. The area of interest is represented with more
geometric details (roofs), while the surrounding neighborhood is represented by simplified building
blocks. (b) Air temperature at 3 m height in downtown Zurich during heat wave day June 23 2015 at 2
pm. (c) Annual space cooling demands for different building configurations and using different
modelling approaches (Allegrini 2012). (d)All-physics approach of local urban climate model. The
momentum, heat and moisture transport in the air domain is solved using computational fluid dynamics
(CFD). Wind driven rain is modelled using an Eulerian Multiphase method. Results from the CFD
simulation are exchanged with a model for heat and moisture transport (HAM) in urban materials like
facades, roofs, pavements and soils. A radiation model solves for the solar radiation, shadowing and
thermal radiation between the different surfaces and the environment. (e) Universal Thermal Climate
Index (UTCI) for a person (red box) standing below a tree (green box) showing the positive effect of a
tree mainly through shadowing on the thermal comfort. ). (f) top Liquid distribution in micro-fluid
device representing porous asphalt during drainage. bottom: PM-LBM simulation of drainage in porous
asphalt (Son et al. 2016).

The urban climate model allows to analyze the influence of urban parameters on thermal
comfort by determining the variables at a certain location in the street canyon, such as air
temperature, air speed, radiant temperature and relative humidity. These variables are used to
determine thermal comfort/heat stress using a common thermal comfort indicator, such as the
UTCI (Universal Thermal Climate Index, Brode et al., 2018). As an example we show the
influence of a tree on the UTCI for a person (red box) standing below a tree (green box),
showing the positive effect of a tree mainly through shadowing on the thermal comfort.

COUPLING URBAN CLIMATE AND BUILDING ENERGY

It is clear that space cooling demands of buildings in urban environments exposed to climate
change and heat waves will increase in future due to hotter urban climates.

To propose new building designs and/or building energy systems and to adapt existing
buildings to future urban climates, the impact of the local urban climate on the space cooling
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demands of buildings has to be better understood. At the moment, no full scale studies where
models for the different scales of the urban climate are coupled to accurately simulate the
local urban climate for building energy simulations taking into account all interactions
between the scales, exist. There is a strong need for a better understanding and quantification
of the impact of local urban climate, its modification due to climate change as well as possible
urban mitigation measures on the cooling demand of buildings in cities. Such knowledge will
allow proposing new solutions to improve the energy performance of buildings taking into
account their local urban climate.

Most of the building energy simulation models, which are used to predict energy demands of
buildings, were originally developed for stand-alone buildings (Hensen 2011). For buildings
in urban environments, the space cooling demand is strongly influenced by the local urban
climate (Figure 3e) and can be quite different to buildings in rural areas (Allegrini et al.
2012a). The short and longwave radiation exchange between buildings in dense urban areas
has a strong impact on the building performance (Allegrini et al. 2012a, Allegrini et al. 2016).
The shortwave radiation entering the street canons is entrapped between the buildings due to
multiple reflections between the buildings. Additionally sunlit surfaces exchange hot and
radiate longwave radiation with non-sunlit surfaces and heat them up. These increased surface
temperatures have a direct impact on the energy performance of the buildings and on the local
air temperatures. Another important impact is the increased local air temperatures due to the
urban heat island effect. The lowest impact comes from the convective heat transfer
coefficients. This study showed clearly the importance of accounting for the local urban
climate when quantifying the space cooling demands of buildings in an urban environment.

DOWN TO MATERIAL SCALE

The multiscale urban climate model can be used to understand the impact of different urban
parameters on the local heat island effect and to propose adequate mitigation measures.
Especially one can study the impact of (1) radiation properties of building surfaces (albedo
value), (2) the heat-moisture transport and capacity properties of building materials, (3) the
presence of vegetation such as green roofs and facades, (4) the role of impervious versus
porous substrates (different pavements and sublayers, different soils, cover ratio), (5) the
presence of urban shadowing devices, (6) the role of active evaporative cooling by water
spraying during heat waves of collected urban water.

The heat-moisture transport model allows the design of new building materials, which can
help in the mitigation of local heat islands. With respect to evaporative cooling materials, we
need to optimize their water retention tailoring their pore structure. This requires the use of
pore-scale simulation of two-phase flow in porous media and an upscaling using pore-network
models for the determination of the macroscopic fluid transport properties

As an example, we recently showed that hydrophobic macro-porous materials, such as porous
asphalt with pore sizes ranging from micron to millimeter size, can retain water in their pore
structure for long time after wetting by rain or artificial wetting (spraying), as such opening
potentials for new evaporative cooling materials (Lal 2016). To study the two-phase flow in
such complex materials, we developed a pseudopotential multiphase lattice Boltzmann model
(PM-LBM). The use of LBM was motivated by the need for the explicit tracking of the liquid-
vapor interface during gravity-driven drainage in macro-porous asphalt as well as the drying
process. The PM-LBM was validated with micro-fluidic measurements, where liquid
distributions were monitored by high speed camera on quasi-2D transparent micro-fluidic
devices, where the porous structure was printed by additive manufacturing (Figure 3e-f) (Son
2016). To predict the unsaturated permeability of building materials, pore-network modeling
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was used (Carmeliet et al. 1999, 2004, Vandersteen et al. 2003). The understanding and
information obtained from pore-scale investigations enables to understand macro-scale
transport processes, and to explore the potential of new evaporative cooling materials.
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EXTENDED SUMMARY

Asian cities are mostly taller, denser, deeper and larger than those in the West, and the
magnitudes of building drag or urban heat island circulation and their effects on city
ventilation are also stronger. The physics of urban climate in these large cities is complex, as a
combined result of local circulation and synoptic winds modified by the mountainous
topography and land/sea breeze, if any. Natural ventilation of a city refers to the penetration
and distribution of rural air into an urban canopy layer. The weakened city ventilation has
become one major reason for worsening urban warming and air pollution in cities. Two
distinct situations need to be considered, i.e. when the synoptic wind is strong; and when the
synoptic wind is weak respectively. For the former, designers are interested to manage city
ventilation for removal of the urban heat, moisture and pollutant, or retain of urban heat and
moisture. The latter become mostly the conditions for the worst urban extreme heat or haze
scenarios to occur. Natural ventilation of a building refers to the introduction of outdoor air
into a building by natural forces such as wind and buoyancy. High-rise buildings present an
interesting challenge as the top of the building may be in the urban roughness layer or even
beyond the atmosphere boundary layer.

Many excellent review papers exist on relevant urban airflows (e.g. Roth, 2000, Britter and
Hanna 2003, Arnfield, 2003, Belcher 2005), but not specifically on city ventilation. City
ventilation is mainly driven by winds and buoyancy forces such as slope flows, sea-land
breezes, etc. The importance of city ventilation may be seen by long recognition that the
restricted air flows were the causes of the all major pollution disasters (Brimblecombe and
Sturges, 2009). Rigby et al (2006) presented a rose analysis showing the influence of
boundary layer ventilation. The wind speed in London is often found to be lower than in a
rural area, whilst occasionally accelerated due to urban heat island effects (Lee, 1979).

The purpose here is to review the status of our understanding of the physics in city ventilation
under both strong and weak wind conditions. It is known that understanding the urban air
flows in calm wind conditions is crucial, as most urban heat wave and severe air pollution
episodes occur when wind calmness and inversion coexist, leading to formation of a heat
dome or urban heat island circulation. Heat dome comprises a convergent inflow at the lower
atmospheric level, divergent outflow at the upper, and a dome-shaped flow field resulting
from entrainment and overshoot at the top. Numerous field studies worldwide have confirmed
the existence of UHIC during the day and night in many cities. It is interesting that though a
strong wind would destroy the heat dome and breakup the inversion, a weak wind may only
elongate the dome to become a plume or dome shadow, transport the pollutant downstream to
other cities. How such a weak wind impact on the dome formation has not been well studied.

Examples given here including wind weakening phenomenon in a dense high-rise city (Peng
et al. 2018), the roles of heat dome formation on urban extreme high temperature events,
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spread of SARS CoV virus when there is inversion, and the urban heat domes (Fan et al 2017)
and their merging (Fan et al 2018). Different methods are available for investigation, i.e.
simple theoretical estimates (Fan et al 2017), water tank models (Fan et al 2016), city scale
CFD (Wang and Li, 2016), and meso-scale WRF (Wang et al 2017).

It is concluded that there is a need to establish the need and an approach for designing city
climate and environment as for buildings, for example, designing building density and height
in a city for better urban climate, and between-city distance needed to avoid regional haze
formation.

KEYWORDS
Natural ventilation, city ventilation, fluid mechanics, heatwave, heat dome, urban climate
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ABSTRACT

Pipe-embedded double skin facade, which arranges pipes in shading device, is an alter-
native to reduce indoor demand and save energy. To simulate annual performance of
this system, a simplified approach based on optical and thermal property is proposed at
first, in which dynamic performance is acquired through state-space method. Then the
model is validated with former investigation and shows good accuracy. Indoor room
temperature with the pipe-embedded double skin fagcade is analyzed under different
types of room in Guangzhou at last. Results show that the pipe-embedded double skin
facade could guarantee a barely satisfactory indoor environment where indoor heat gain
is small in most time. Besides, superiority would be obvious when solar radiation is
strong, indicating the applicability in some typical region with abundant sunshine.

KEYWORDS
natural energy, pipe-embedded window, double skin facade, heat gain, free-running
temperature

NOMENCLATURE

DSF double skin fagcade

PDSF pipe-embedded double skin fagade

CFD computational fluid dynamics

LMTD logarithmic mean temperature difference
INTRODUCTION

Glass curtain has been widely applied in recent years. Nevertheless, heat transfer
through transparent envelope is significant, which would lead to the increase heating
and cooling load in building. To be specific, large amount of solar radiation transmitted
directly into the room in summer while the heat dissipated through glass is remarkable
in winter owing to its poor thermal insulation. Many researches concentrated on the
thermal performance improvement of glass envelope consists:1) substitution of high
thermal performance glazing such as triple glazing (Manz et al.,2006), 2) development
of high-efficiency shading devices (Cheng et al., 2013), 3) double skin facade(DSF)
with ventilation. Better glazing aims to reduce heat dissipation in winter however better
shading aims to decrease solar transmittance in summer, in other words, both the first
and second approach is not designed for annual performance. By contrast, double skin
facade could be of benefit for both heating and cooling.

Traditional DSF combined with ventilation is made up of the external glass, shading
device and internal glass. Researches shows that the outlet air temperature could reach
up to 50°C when solar radiation is strong, that is, conventional double skin fagade com-
bined with ventilation can’t remove heat absorbed by venetian blinds efficiently in
some cases. Thus, Shen and Li (2016) proposed the idea to arrange pipes in the shading
device and simulated the performance by CFD method. Results shows that inner surface
temperature can be reduced dramatically compared with traditional DSF, benefitting
not only energy consumption but also thermal comfort.

Hourly indoor temperature prediction plays an important role in thermal comfort and
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energy saving. It is difficult to get the hourly indoor temperature in the whole year by
CFD method due to its complication and time-consuming character. Therefore, a state-
space method based on optical and thermal property is proposed to calculate the hourly
indoor temperature at first. Then thermal performance of pipe-embedded double skin
fagade(PDSF) in Guangzhou under two different types of room is analyzed.

METHODOLOGY

Description of PDSF

The detailed structure together with schematic diagram of the PDSF are shown in Fig-
ure 1. Compared with traditional DSF, cooling pipes are embedded into the shading
device for the case of PDSF. Water flows inside pipes to take away the heat absorbed.
On one hand, heat transfer coefficient of water to blinds is much larger than air to blinds,
so PDSF would remove the radiation more efficiently. On the other hand, natural cool-
ing source such as direct evaporative cooling, ground source heat exchanger is feasible
and of low-cost according to the climate feature.

a) b)
Figurel. description of PDSF system. a)structure, b) schematic diagram.

Solar radiation distribution

The dynamic optical properties of glazing should be calculated at first, then the overall
optical character of DSF could be obtained including reflection, transmission and ab-
sorption. Solar radiation consists of two parts, namely direct fraction and diffuse frac-
tion, whose optical character should be calculated separately (Wang et al.,2016)

adir 4 adir + algigir + pdir 4 gdir = 1 (1)
af;f + “Zzif + a;i;f + pdif +7dif =1 ()

where a, p and T represents absorptivity, reflectivity and transmittance respectively;
subscript eg, bl, ig represents external glass, blind and internal glass; super-
script dir, dif represents direct radiation and diffuse radiation.

Optical property of diffuse fraction equals to that of direct radiation whose incidence
angle is 60 degrees. Thus solar distribution in each layer is acquired, which is the fun-
damental to thermal performance calculation.

Energy balance equation

Thermal stratification in the cavity is neglected according to the CFD results (Shen
and Li, 2016). Since heat transfer coefficient of water side is much larger than air side,
we make the assumption that blind temperature is 0.5°C higher than water temperature,
which corresponds to our previous study (Shen and Li, 2016). Thus, surface tempera-
ture can be calculated based on thermal network, as shown in Figure.2.
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Figure 2. Thermal network of PDSF

where R represents thermal resistance(m? - K/W); subscript conv, cond and rad indi
cates convective, conductive and radiative heat transfer respectively.

LMTD model (Utamura et al., 2008) is utilized to simulate the inlet and outlet water
temperature difference.

Dynamic simulation based on state-space method

State space method, where space is discretized while time is continuous, was widely
used (Parker and Bowman, 2012) and adopted in this study. Compared with conven-
tional window, thermal performance of PDSF is related with not only meteorological
parameter but also water temperature. That is, temperature of PDSF and other node
temperature of room should be solved through two matrices below respectively.

€)

MTglass =b

where Tgq¢5 1s node temperature of glass, M is the matrix based on thermal net-
work, b is a vector related to climate data.

CT = AT + Bil “4)

where T is node temperature, C represents heat capacity, A is a matrix related to
heat transfer between different node, u is a vector of thermal disturbance and B is its’
distribution on each node.

By the thermal network in figure 2, there are only four nodes in state-space method,
thus it is easier to describe the thermal character than conventional CFD approach.

Verification with CFD results
Total indoor cooling load simulated by this state-space based method in five typi-
cal cities were verified with that by CFD method (Shen and Li, 2016). Standard «-¢
turbulence model and DO radiation model were adopted in the CFD simulation. Re-
sults show that the simplified method can achieve the accuracy within 15 percent in
all cases. The detailed information can be seen from Figure. 3. Nevertheless, com-
puting time can be reduced from 2 days to 1 hour for each simulation.

39



7th International Building Physics Conference, IBPC2018

Figure 3. Validation with CFD results

CASE STUDY IN GUANGZHOU

Description of case setup

A typical room in Guangzhou which belongs to hot summer and warm winter zone
was selected to investigate thermal improvement by PDSF. Hourly outdoor climate pa-
rameter including solar radiation, dry bulb temperature etc. can be obtained from China
climate database and it is shown in Figure. 4. The dimension of the room is 5.0 m
(length) x 5.0 m (width) x 3 m (height). All of the building envelope was designed
according to the design standard GB 50189-2015. A PDSF, whose size is 5.0 m (length)
% 3.0 m (height), is installed at south orientation. This room locates in middle floor and
the east wall is the external wall. Heat transfer through other internal structure is ne-
glected. Thermal and optical properties of the pipe-embedded double skin fagade is
described as Table 1.

Table 1. Thermal properties of the PDSF

External glass Venetian blinds Internal glass
Material stalinite aluminum Double glazing
Thickness(mm) 9 2 6+12(air)+6
Heat conductivity Coef-
ficient(W/(m-k)) 0.28 180 0.09
Density (kg/m3) 2200 2700 1000
Specific heat (J/kg-K) 840 100 880
Refractive index 1.4 / 1.4
Absorptivity(1/m) 5 / 20
Transmissivity / 0.1 /

Two types of room, namely office room and residential room, in which indoor heat
gain are different, are adopted in this study for the applicability discussion. Detailed
information of these two rooms is listed in Table 2.

Table 2. Indoor heat gain and occupancy of office and residential room

Office room Residential room
Power(W/m2)  Occupancy(hour) Power(W/m2) Occu-
Occupant 8 3 All-time
Equip- 18 7:00-19:00 5 7:00-22:00
Lighting 8 3 18:00-22:00

Cooling water produced by cooling tower is analysed in this study. The temperature
of cooling water is assumed to be considered 3°C higher than wet bulb tempera-
ture(Klimanek et al., 2015).

In this study, a triple glazing DSF whose external and internal glass are the same as
pipe-embedded DSF was simulated as baseline.

Outdoor climate is described as figure 4. The average outdoor temperature hit the
peak at July while solar radiation hit the peak at November.
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Figure 4. Monthly average outdoor temperature and solar radiation of Guangzhou

Performance of decreasing average indoor temperature

Cooling water provided by water pipes can decrease external glass temperature as
well as block solar radiation, therefore room temperature can be reduced. Since heating
is not required in Guangzhou, the PDSF is operated all-year around.

a) b)
Figure 5. results of residential room. a) hourly indoor temperature, b)distribution

With built-in pipes in venetian blinds, room temperature can be decreased about 5°C
for both office and residential room. Although with pipe-embedded, room temperature
would still exceed 30°C in office for some time due to large indoor heat gain.

Superiority of PDSF is significant in spring and autumn when solar radiation is the
strong while outdoor air temperature is not so high. What’s more, average indoor tem-
perature difference between office and residential rooms is only 3°C, approving that
transmitted solar radiation has a tremendous impact on indoor temperature.

Effect of extending non-air-conditioning period

Accumulated satisfactory hours when indoor room temperature is below 25°C and
28°C, which can guarantee a barely satisfactory environment (Okuma et al., 2007) as to
save energy, are utilized for the determination of non-air-conditioning period. From
Figure. 6, we can conclude that hours when indoor temperature is within 25°C can be
increased from 1000 to 3000 hours by applying PDSF in office room. If a broad range
of indoor room temperature is acceptable, the accumulated time can reach more than
4000 hours.

Compared with office room, performance in residential room is more promising.

There are 5900 hours when room temperature is under 28°C. It means that the pipe-
embedded double skin fagade is considerably efficient under this circumstance.
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Figure 6 Satisfactory hours in different criteria

CONCLUSION

PDSF integrated with natural energy is a new approach to reduce heat gain. A state-
space based method to evaluate dynamic thermal performance of PDSF is proposed in
this paper. Performance of two typical rooms with different indoor heat gain in Guang-
zhou is analysed as a typical case. The main conclusions are as follows.

1) PDSF combined with cooling tower can reduce indoor room temperature signifi-
cantly in Guangzhou. The average room temperature can be decreased about 5°C.

2) Accumulated hour when indoor temperature is within 28°C accounts for 5900
hours for residential room, indicating room temperature can meet the basic require-
ment in most time with the assistance of PDSF if indoor heat gain is small.

3) Performance in October is the most efficient when solar radiation is strong because
shading blind embedded with water-pipes can block solar radiation and take it
away directly, which indicates that PDSF could be promising in regions with
strong solar radiation such as western china.
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ABSTRACT

In the last few decades a new type of persistent efflorescence has started appearing on ceramic
brick facades in the UK, the Netherlands and in Belgium. Since the problem undermines the
aesthetic appearance of masonry buildings, it results in a growing number of complaints from
building owners.

In the laboratory, gypsum efflorescence is typically studied via wicking tests. However, these
often yield gypsum subflorescence instead, leading to significant pore clogging just below the
evaporation surface. To gain further insight in that subflorescence and pore clogging, a correct
quantification of the amount and the distribution of the gypsum crystalised in the pore space is
necessary. Micro-CT achieves this by allowing visual inspection as well as quantitative data
gathering. Because of the non-destructiveness of micro-CT, samples can be scanned before
and after subflorescence/pore clogging has occurred. The suggested methodology includes
visualization and characterization of the pore space. Observing the changes in pore structure,
with the assumption that these are induced only by the presence of the salt crystals, it is
possible to accurately quantify the volume of gypsum present, as well as the location of the
affected pores in 3D. Due to the partial volume effect, the CT dataset can be used to detect
objects smaller than the voxel size because the density difference between gypsum and air is
large enough.

The obtained results confirm the presence of a thin gypsum layer just below the evaporation
surface of the sample. Other techniques such as the wicking test and MIP also confirm the
observations regarding pore size change and gypsum content.

KEYWORDS
Salt crystallization, Pore clogging, Brick sample, Micro-CT, Pore network properties

INTRODUCTION

The development of gypsum efflorescence on newly erected ceramic brick facades is a rising
problem in the UK, the Netherlands and Belgium (Chwast et al, 2015). Unlike the common
efflorescence, composed of soluble salts which are easily washed away by natural weathering,
the new efflorescence consists of slightly soluble gypsum, which makes it persistent and hard
to remove. Once formed on the masonry surface, they stay and permanently spoil the facade’s
appearance.

Even though salt crystallization in porous materials has already been the subject of study for
many decades, there is still a lack of knowledge and understanding in relation to the involved
pore clogging and its impact on the moisture transfer properties of porous materials. In order
to study this phenomenon in laboratory conditions, wicking experiments are often performed.
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Such experiments usually reveal gypsum’s tendency to crystallize under the surface, inducing
significant pore clogging and resultantly a strong drop in the wicking rate.

In this paper, the resultant changes in the brick’s pore structure, with the assumption that these
are induced only by the presence of the salt crystals, will be quantified based on CT datasets.
It will be shown that such CT analysis makes it possible to accurately quantify the volume of
salts present as well as the location of the affected pores in 3D.

METHODS

Wicking test

The effect of gypsum pore clogging is generated with a wicking test. It is composed of a brick
sample fed with a gypsum solution from the bottom side, while evaporation is permitted only
from the top side. The gypsum solution for the wicking test is prepared by dissolving 2.2 g of
calcium sulphate dihydrate (Fisher Chemicals, 99% pure) in 11 of distilled water (conductivity
of pure water 1.2uS/cm). The prepared solution is 85% saturated, and its concentration can be
calculated as 2200 g/m3. The experimental set-up is composed of a glass container with at the
bottom a layer of gypsum solution. The container is closed with a plastic lid, to which a brick
sample is mounted. In this way, a constant contact between the solution and the brick sample
is maintained throughout the experiment. The experiment is conducted in a climate chamber,
under constant environmental conditions, at 21°C temperature and 40% relative humidity, for
a duration of 14 days.

CT characterization

Computed tomography (CT) is a non-destructive visualization technique, generating images
of slices of a sample based on the attenuation of X-rays. Hence, it enables the 3D visualization
of the internal structures of the object. As CT is a fast and non-destructive technique, it has
become a reliable method to analyze the heterogeneity of interior components as well as the
porosity network of the studied sample. A more detailed explanation of the principles of CT
can be found in Claes et al. (2018). Also Aikens (1991), Kak and Slaney (1988) and Herman
(2009) provide more general information about the technique.

In order to determine the effect of the salt precipitation, the same sample is scanned by micro-
CT before and after the above described wicking experiment. Both scans are performed using
the same scan parameters (80 kV and 160 pA) and both have a resolution of 3.5 pum. The
quantitative data are generated through the attenuation of X-rays, which are sensitive to
sample density and atomic number, and are stored in voxels as relative gray scale values.
Since in theory the only difference between both scans is the presence of salt, which will
cause a higher attenuation of the x-rays compared to the air present in the pores of the original
sample, resulting in higher greyscale values of the voxels. Thus, a subtraction of both datasets
should result in the quantification of the precipitated salt. Hence, it becomes very important to
subtract the correct corresponding voxels of both datasets, in order not to introduce artificial
artefacts in the results. This is achieved by a registration process involving the determination
of a geometrical transformation that aligns points in one view of an object with corresponding
points in another view of that same object. The inputs of the registration algorithm are the two
views to be aligned; the output is a geometrical transformation, which is a mere mathematical
mapping from points in one view to points in the second. In order to retain cubic voxels, the
values of the voxels of the transformed view will be linearly interpolated.
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RESULTS & DISCUSSION

Effect on the pore network

A visual inspection of the micro-CT slices taken at the same depths from the top evaporation
surface show that, in the top of the sample, gypsum is present at the edges of large pores and
clogs smaller pore throats (Figure 1 A-B). Comparison of slices taken towards the bottom of
the sample indicate that no visual gypsum is present (Figure 1 C-D).

Figure 1. Micro-CT slices of the brick sample parallel to the evaporation surface. a) Original
state at 130 um bellow the evaporation surface, b) State with salt present at 130 um bellow
the evaporation surface; orange markers illustrate the differences, ¢) Original state at 1.5 mm
from the evaporation surface, d) State with salt at 1.5 mm from the surface, no differences are
visible between ¢ and d.

These images are used to deduct the pore network in these volumes by applying a hysteresis

segmentation (Claes et al., 2018). Subsequently these pore networks are split into pore bodies
and pore throats using the workflow of Blunt et al. (2013).
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Based on a visual inspection of the slices, the salt precipitation occurs in the top layer of the
studied sample. Hence, two corresponding volumes of 500 x 500 x 120 voxels (1.75 x 1.75 x
0.42 mm?) are selected in this layer.

In general the CT-detectable open porosity is decreased by 1.2 %, from 15.6 % porosity in the
original sample to 14.4 % in the affected sample. Moreover, the salt subflorescence has a clear
effect on the pore size as well as on the overall distribution of pore bodies and throats in the
studied volumes. As expected from the visual observations in Figure 1, the number of pore
bodies and throats increases in the volume affected by salt precipitation. The average pore
radii become 5 % smaller when affected by the salt. This can be explained by the rims of salt
formed at the edges of the pores. Figure 2 represents the calculated pore size distributions of
the reference and affected volume. The number of pores in the bin with the smallest pore radii
also increases from 2460 pores to 3283. Additionally a clear shift towards smaller
coordination numbers can be noticed in the sample where salt is present, even tough is has a
larger number of throats in the same sample volume (8324 compared to 6777). This results in
a halving of the simulated permeability but these simulations only take into account the
visible porosity in the CT scan.

Figure 2. Pore volume distribution. a) Reference sample, b) Affected sample.

Validation

The results of the visual comparison of the slices agree with observations made in lab results
and confirm the creation of a salt subflorescence layer just below the top evaporation surface.
Admittedly, the influence of the scan resolution remains apparent, as only half of the open
porosity can be CT-detected (15.6 % vs 31.8 % which is the actual open porosity of the brick
samples). The obtained pore size distributions are further matched to distributions acquired by
mercury intrusion porosimetry (MIP). Todorovic and Janssen (2018) noted that that the curves
of samples containing gypsum shifted in two general directions: firstly a downward shift
corresponding to a decrease in open porosity, and secondly a shift to the left, towards smaller
pore radii. The same observations can be partially made based on Figure 2. It is important to
notice that due to the scanning resolution of 3.5 m the spectrum of CT-detectable pore radii is
limited. Hence, most of the clogged open porosity was not visible in the reference scan, since
these pores fall below the resolution. The beginning of the shift to the left is visible but the
main shift occurs for pores with radii of 10 m which are not captured in the micro-CT scan.

Quantification and spatial distribution of the salt

The validation of the results obtained in the prior section indicate that they are greatly affected
by the limited scan resolution, as only half of the expected open pores are visible in the scan.
Another approach is therefore necessary to accurately quantify the distribution of precipitated
gypsum. Micro-CT datasets have the added advantage that objects smaller than the voxel size
can still be detected if the density difference between the competing components is large
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enough. For the studied problem this is the case because pgypsum (2300 kg/m?) > pair (1.25
kg/m?®). This is due to what is generally called the partial volume effect (Figure 3 A). Because
the borders of the scanned sample or a component in the sample may not coincide with the
borders of the pixels of the detector, the partial volume effect occurs: features smaller than the
resolution will also contribute to the attenuation coefficient of the voxel in a linear way.

Hence, in order to quantify all gypsum present in one slice, slices corresponding to the same
depth are subtracted from each other. In Figure 3 B-C the histograms of these subtractions are
depicted. The histogram of a slice where no salt is visible corresponds to a symmetrical bell
curve centered approximately around zero. Hence this curve is interpreted as a representation
of the noise present in the subtracted images. For the slices nearer to the top of the sample, the
histograms become asymmetrical, and show an increase in positive difference values around
1200. These curves will therefore be modeled as a sum of two normal distributions. Parameter
p represents the contribution of the noise component to the overall model, while a factor (1-p)
is assumed to define the gypsum. The distributions are fitted using a maximum likelihood
method. Table 1 summarizes the modeled parameters.

Table 1. Overview of typical values of the fitted parameters.

Based on these models the parameter (1-p) represents the relative amount of voxels for which
the composition has changed between the two scans. Hence, they can be used to characterize
the volume percentage of salt in each slice. The profile is shown in Figure 3 D and clearly
indicates the presence of a gypsum crust at the top of the sample. The top 49 um are not
processed as these are too much affected by the surface roughness of the brick sample. The
sudden drops in the profile can be explained by spurious additional noise in some slices.

Figure 3. Localisation and quantification of the salt layer. a) Schematic overview of the linear
partial volume effect (modified from Pullan et al., 1981), b) Histogram of the difference
between two slices near the bottom of the sample (black dotted line represents the noise
component, red line represents the overall model), ¢) Histogram of the difference between two
slices near the top of the sample (black dotted line represents the noise component, blue
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dotted line represents the salt component, red line represents the overall model), d) Volume
percentage salt in function of sample depth.

Validation

In order to validate the results of the calculated presence of gypsum in the section above, these
results are compared to the lab measurements. On average 0.046 g of gypsum precipitated in
the 28.7 mm diameter ceramic brick plugs. This corresponds to a total amount of gypsum of
71 g/m?. By calculating the surface below the curve in Figure 3 D up to 450 um below the top
surface, a total amount of 91 g/m? is obtained from our CT measurements. Both measurement
methods are thus in agreement with each other.

CONCLUSIONS

In this paper the location and concentration of the gypsum subflorescence layer in bricks is
successfully determined based on 3.5 um resolution micro-CT scans. The evaporated gypsum
is concentrated in the top 450 pm layer of the sample. Based on the pore network analysis
general observations about the change in pore geometry can be made. However, comparison
with MIP measurements indicate the strong importance of the contribution of pores below the
scanning resolution. The partial volume effect can overcome some of these limitations, but
additional visualization techniques with smaller resolutions will need to be used in the future
in order to perform accurate fluid flow simulations.
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ABSTRACT

Nowadays, many construction components applied in the energy efficient buildings are
characterized by dynamically changeable physical properties. Some of them are actuated by
the user or building management system, while the others are self-regulated. The second
group of mentioned elements is often named intelligent or smart components. Change of their
properties is triggered by physical processes e.g. thermal or chemical.

Energy performance of the building can be precisely determined based on the results of
computational simulation obtained using one of the widely well-known computational tools
e.g. Energy Plus or ESP-r. In the numerical analysis the effect of changeable properties can be
also included towards better modelling of physical processes in the buildings. However, the
exact material data and its characteristics are necessary for a proper definition of such
component properties - thermal or optical characteristics. The main goal of this study is to
refine the ESP-r material database, in order to include in the calculation the effect of
changeable optical properties of glazing unit filled with material characterized by variable
solar transmittance.

The basic general equation of transmittance, reflectance and absorptance as a function of
incidence radiation were provided. The material optical database developed in this study
consists of experimentally determined reflectance, absorption and transmittance of solar
radiation for five angles of incident (as required for ESP-r optical databases). All these data
were provided for double glazed unit where the inner cavity was filled with material
characterized by changeable optical properties. All optical data were obtained based on the
spectral characteristic of the material layer (in different thicknesses) in a wave length range of
solar radiation (300-1200 nm). It was concluded, that overall transmittance is determined by
the material filling the cavity, but the reflectivity mainly depends on the external surface of
glazing and interrelations between glazing and subsequent layer.

KEYWORDS
Solar energy, heat transfer, transmittance, reflectance, phase change materials.

INTRODUCTION

The application of paraffin as a filling of transparent building components is well known since
the end of the nineties. (Ismail and Henriquez 2002) proved that additional layer of PCM can
improve the thermal efficiency of the whole window, while (Weinldder, Beck, and Fricke
2005) dedicated their research to comfort analysis. PCM was not only used as a layer of a
glazing pane but also as a filing of the shading elements (Bianco et al. 2018) and in other
technologies as well (Silva, Vicente, and Rodrigues 2016). Additionally, PCM was used in
hybrid TPV systems where PV cells were thermally stabilized by PCM layer located at the
back side of the panel (Machniewicz, Knera, and Heim 2015). Additionally, the application of
PCM glazing components can also lead to achieve future energy standard according to the
requirements of new energy performance directive (Firlag 2015). Determination of optical and
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thermal properties of PCM-glazing component is very important for proper estimation of its
efficiency using modelling techniques. Moreover, it is necessary to determine the optical data,
especially of any complex glazing structure for the purpose of building energy performance
simulation (Clarke 2001), (Hensen and Lamberts 2011). Many authors provided those data
obtained experimentally using spectrophotometric techniques or direct measurements (Goia et
al. 2012). Nevertheless, both techniques ignore the effect of local optical phenomena (Duffie
and Beckman 2013) on interfaces between glass, air and PCM layer.

The main idea of using PCM in glazing was raised by the necessity of the improvement of
their thermal inertia (Grynning, Goia, and Time 2015). Although PCM application in glazing
is relatively brand new idea, some previous research study was devoted to analyse other
liquids e.g. water as a glazing extender. (Chow, Li, and Lin 2011) revealed that water-flow
window can work as a hot-water preheating device. (Sierra and Hernandez 2017) showed the
active behaviour of water flow glazing by a variable g factor. Additionally they concluded that
the best glazing to manage the incoming solar energy is the one that allows to enter only
visible spectra when the system is flowing and the absorption occurs only in the water
chamber. The PCM glazing will play the similar role but the heat will not be extracted from
the system to external storage tank but isothermally stored in the PCM layer.

The main purpose of this study was to develop the methodology for determining total solar
transmittance, reflectance and absorptance in a glass pane with phase change material, in solid
a liquid state. The basic equations were provided for double glazed window with PCM and
optical data for standard angle of incidents was determined. Results were presented in the
standard of ESP-r (Environmental System Performance) database format.

METHODOLOGY

The proposed methodology is based on the physical fundamentals of solar radiation’s
transmission through transparent media like glazing (Chwieduk 2014). Physical fundamentals
of the phenomena occurring within glazing are mostly related to the optics. The phenomena of
radiation’s passage through two transparent covers should be analysed taking into account the
multi inter reflections on all interfaces. These multi-reflections in double glazed window with
air, argon or any other gases between glass panes are schematically presented in figure 1.

Figure 1. Transmittance, reflectance and absorptance components including inter reflections
on glass surface and absorption in a glass pane.
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Taking into account inter reflections on glass surface and absorption in a glass pane, the total
reflectance (p), absorptance () and transmittance (7) of the component can be calculated
from the following formulas (eq. 1-3):

T2 pi
P =Pt e W
e (ai+aep;)
a=a,+ 71:%1‘0 )
Te T
T=—"— 3
1= pepi ( )

where indexes i and e refer to the internal and external glass covers respectively.

When glazing cavity is filled with PCM the repeated reflection on all interfaces become more
complex due to additional effect of reflection on PCM layer. This process is schematically
presented in figure 2, where m means material between two glasses.

Figure 2. Transmittance, reflectance and absorptance components including inter reflections
on glass surface and absorption in a glass pane filled with PCM (material).

The general formula for total solar reflectance (p), absorptance (&) and transmittance (7)
becomes as follows:

Tg T%’l Pmi (4)

1- %Pme Pmi

P =pet TIpe +

aza9(1+ repem+1_re¢)+am(r M)_FQE(QM) 5)

z
5 PmePmi 1= T;mPmePmi 1= th

T= TE Tm T]’: (6)

1= T;mPme Pmi

The indexes concerns the surface where optical processes appears, where i and e refer to the
internal and external glass covers respective and m corresponds to PCM layer.
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The equations presented above require very precise sets of data which are usually unavailable
or impossible to be obtained during tests. Therefore, the following assumptions and
simplifications were done:

1) The absorptivity of the single PCM layer in both phases is the same for all angles of
incident. It means that reflectivity of the whole component is determined primarily by
reflectivity of external glass surface.

2) The reflectivity of single PCM layer in liquid state changes versus angle of incident
cognately as the glass — only direct reflectance is considered.

3) The transmissivity of single PCM layer in both phases is a function of the incident angle
according to the optical length of the beam during transmission through the material.

OPTICAL PROPERTIES OF PCM DOUBLE GLAZED WINDOW

The results of presented analysis were obtained for glass pane that consists of two glasses
4 mm each with 16 mm air cavity or PCM layer between them. The cross section through the
unit is presented in figure 3a - standard double glass pane and 3b - glass pane with PCM.

The main difference between both cases is the heightened potential to absorb solar radiation in
a material layer located between glasses. Especially, when PCM is in solid state the
absorption appears on the surface exposed to solar radiation. The total transmittance of single
PCM (16 mm thick) layer in solid state is less than 10%, while in liquid state it is above 80%.
It means that for the case considered here the solid PCM is similar to opaque material. The
colour of solid paraffin or fatty acids is white or light grey. It means that reflectivity can be
assumed as 0.5 - 0.7 and decreases when material melts. The liquid PCM is fully translucent
and has neutral colour.

Figure 3. Cross section through glass pane a) standard, b) with PCM.

For the purpose of computational simulation the datasets including angular optical properties
are necessary to analyse any physical processes in a glazing unit. The main goal of the work
presented in the paper was to develop the characteristic data based on the physics of radiation
transmission through glazing. Taking into account the formulas 1-6, the optical characteristics
of double glazed unit without, with liquid and with solid PCM were determined. The results
are presented in figure 4 a-c as a function of incident angle. It can be noted that when material
is solid, PCM glazing characteristic is similar to standard glazing but transmittance is slightly
lower as an effect of higher reflectance. In solid state the reflectance is much higher and
strongly depends on reflectance of PCM.
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a) b) C)

Figure 4. Transmittance, reflectance and absorptance versus angle of incident for a) clear glass
double pane window unit, b) glass unit with liquid PCM, c) glass unit with solid PCM.

DISCUSSIONS

In a case of liquid PCM the obtained results show that total transmittance is more than 20%
lower than for standard glazing unit and its function versus angle of incident has similar
character. The absorptance of liquid PCM is similar to external glazing for the angles up to
50 deg. For higher angles the absorptance of external glazing increases due to the additional
reflections between glass and PCM layer.

In solid state the glazing unit is almost blind and most of solar energy is absorbed on the PCM
external surface due to the highest absorptivity, almost 0.3. This absorptivity decreases as a
function of angle of incident while absorptivity of external glazing increases. This is caused
by the longer optical path of the radiation beam, and as it was stated for the liquid state, the
interreflections between glass and PCM occur.

In both cases the absorptance on the internal glass surface is very low and has no effect on
thermal performance of the whole system. It means that PCM layer should protect building
interior against overheating caused by solar radiation. The excessive solar heat gains will be
stored as an latent heat in PCM layer and any heat transfer to external environment will be
possible only by conduction (inside the component) and convection between glass surface and
internal air. Heat exchange by radiation, when melting temperature will be close to indoor air
temperature, seems to be negligible.

CONCLUSIONS

The paper presents the methodology of optical properties determination for complex glazing
structure. The formulas were developed based on the physical fundamentals of solar
radiation’s transmission through transparent media. The problem was graphically illustrated
and related formulas were also derived.

The final results of transmittance, reflectance and absorptance versus angle of incident were
presented in a form of ESP-r optical database and compared with case of standard, double
glazed clear glass window. In both phases, solid and liquid, PCM-glazing is characterized by
the lower transmittance than standard glass unit. In solid phase the component is almost blind,
but the absorptance of PCM layer is relatively high. This feature will determine the ability to
absorb solar energy and convert it to heat.
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ABSTRACT

Porous materials with nanopores or reduced gas pressures like aerogels, nanocellular foams or
vacuum insulation panels show a great potential as insulation materials, due to their extremely
low thermal conductivity. Understanding the relation between their pore structure parameters
and effective thermal conductivity is crucial for further optimization. This paper discusses the
extension of a numerical framework simulating the heat transfer directly at the material’s pore
scale. A novel methodology to model the reduced gaseous conductivity in nanopores or at low
pressures is presented, accounting for the three-dimensional pore geometry while remaining
computationally efficient. Validation with experimental and numerical results from literature
indicates the accuracy of the methodology over the full range of pore sizes and gas pressures.
A simple case study is analysed, which shows the expected improvements of the thermal
conductivity when reducing the pore size for materials with different porosities. The numeri-
cal framework thus offers the possibility for a more thorough understanding and optimization
of the thermal conductivity of superinsulators.

KEYWORDS
Thermal conductivity; porous materials; superinsulators; nanopores; low-pressure

INTRODUCTION

Heat losses through opaque building components like walls and roofs account for a large part
of the total heating demand in buildings. Hence, porous insulation materials are often applied,
offering a relatively low thermal conductivity due to their porous nature (Smith et al., 2013).
To comply with progressively stringent energy requirements though, increasingly large insu-
lation thicknesses are needed, hindering the design and the refurbishment of new and existing
buildings. In the search for better performing insulators, a promising solution is offered by
materials having pores with diameters in the nanoscale range and/or with reduced gas pres-
sures inside. Examples are aerogels or aerogel-based materials (Baetens et al., 2011), nanocel-
lular foams (Liu et al., 2015) and vacuum insulation panels (Jelle et al., 2010). Research has
shown that in these materials the gaseous conduction shifts from the Fourier to the Knudsen
regime, resulting in a reduced gaseous and hence overall effective thermal conductivity (ETC)
(Jelle et al., 2010). Furthermore, the effect becomes even more crucial at increasing material
porosities where conduction through the gaseous phase becomes progressively more dominant
in the total heat transfer (Solorzano et al., 2009). Modelling efforts so far though have mainly
focussed on obtaining analytical expressions, predicting the ETC as a function of several pore
scale parameters like porosity and pore size (He & Xie, 2015; Wang et al. 2017). A more
detailed understanding of the pore structure influence on the total ETC is hence needed to
improve their performance significantly. To this aim, a numerical framework was recently
implemented predicting the ETC of porous building materials based on their pore structure. A
3D voxel image representation of the microstructure, obtained via either micro-CT scanning
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Figure 1: The numerical framewori( simulates the pore scale heat transfer to deduce the ETC. (a) micro-
CT image of cellular concrete; (b) virtual material; (c) finite element mesh; (d) temperature profile.

or virtual generation, is used as input for the pore scale heat transfer simulation (Figure 1);
more details can be found in the paper by Van De Walle & Janssen (2016). Currently, the
model framework is limited though to porous materials with pore dimensions above several
micrometres and containing gas at atmospheric pressure. Extension to a physical description
of the Knudsen effect on the gaseous conductivity could enlarge its scope and facilitate the
characterization of possible optimization strategies for superinsulating materials.

This paper discusses the implementation of the dimension- and pressure-dependent gaseous
conduction in the aforementioned numerical framework. A novel simulation methodology
based on the kinetic theory is introduced to obtain the local gaseous conductivities, offering
an efficient calculation procedure while taking into account the pores’ specific geometry. The
proposed methodology is validated with experimental and numerical results from literature.
Finally, the model is applied in an exploratory case study to investigate the effect of the pore
size at different material porosities. Currently, only materials in dry conditions are targeted.

GASEOUS CONDUCTIVITY

The kinetic theory framework is used to model the microscopic gaseous heat transfer in pores.
Firstly, the general theory is revisited for clarity, then the extension to reduced dimensions
and/or gas pressures is explained. Finally, the implementation of the methodology in the
numerical framework is discussed.

General Kinetic theory

The kinetic theory framework allows to describe the heat conduction through gas as a function
of the gas properties. Apart from the density pg.s [kg/m?], the specific heat capacity at constant
volume cygus [J/kgK] and the mean molecule speed Vmean [m/s], the gaseous thermal
conductivity depends on the mean free path Lyrp [m], which is the average distance a gas
molecule travels before colliding with another gas molecule (eq. 1), (Zhang, 2007; Jiji, 2009).

! dr dr
Qeona = _5 ’ pgaS "€y gas " Vimean LMFP ’ E = _igas,bulk ’ E (1)

Here, qcona [W/m?] is the total heat flow caused by the temperature gradient d7/dx [K/m], and
Agas,uik [W/mK] is the bulk gaseous thermal conductivity. The mean free path between succes-
sive collisions depends on the temperature and pressure of the gas, as well as on the gas
molecule properties. However, as argued by Jiji (2009), the mean free path between collisions
is not completely suited to describe the energy transport, since it doesn’t consider the effi-
ciency of energy exchange between two colliding particles. Therefore the ‘energy’ mean free
path was introduced, which should be used in eq. 1 to obtain correct results. This energy mean
free path can easily be deduced for bulk gases by reverse calculating equation 1, leading for
example to an energy mean free path of 180 nm for air at 20 °C and atmospheric pressure.
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Apart from gaseous heat conduction, the kinetic framework can equally be applied to describe
heat conduction in solids by electrons, phonons (acoustic waves), and radiative heat transfer
by photons (electromagnetic waves), considering the waves as particles (Chen, 2005).
Although less accurate than more detailed simulation strategies like molecular dynamics or
lattice Boltzmann simulations, the kinetic theory is capable of predicting reasonably well the
thermal transport and thermal conductivity. This paper focusses solely on the implementation
for gaseous conduction.

Extension to pore cavities with reduced dimensions and gas pressures

When the pore dimensions or gas pressure start to reduce, gas particles start colliding
relatively more often with the pore boundaries instead of with each other, which is called the
Knudsen effect. This translates to a reduction in the effective mean free path of the molecules
and - according to eq. 1 - to a reduction of the gaseous conduction. The effective mean free
path can be calculated according to Matthiessen’s rule, combining the bulk mean free path
and the mean free path induced by the boundaries, as shown in eq. 2 (Jiji, 2009).

1 _ 1 N 1 @)

LMFP,bulk LMFP,bdy

L

MEFP eff

Again, the effectiveness of energy exchange between molecules and boundaries will influence
the thermal transport. This is usually described with the thermal accommodation coefficient a,
varying between 0 and 1, and very similar to the better-known absorptivity coefficient o used
in thermal radiation simulations (Zhang, 2007; Jiji, 2009). Hence, an ‘energy’ boundary mean
free path should be defined including this factor, thus directly incorporating the boundary
resistance effect. Apart for simple structures like parallel plates, accurate calculation of this
energy boundary mean free path is far from trivial. A novel method is therefore implemented
in the model framework to account for the real 3D geometry of pores.

Including nanoscale gaseous conduction in the model framework

To calculate the gaseous conductivity in each pore, the energy boundary mean free path needs
to be determined. A calculation methodology based on the analogy with radiative heat transfer
is proposed, simplifying the simulation procedure. Introduced by Loeb (1954) and later ex-
tended by Van De Walle & Janssen (2016), the radiative heat transfer in a pore cavity can be
described as a conductive process with a radiative conductivity depending — amongst others —
on the pore dimensions and the wall’s absorptivity. The formulas proposed by Van De Walle
& Janssen (2016) to calculate this conductivity are shown in eq. 3 and 4. Eq. 3 is equalized to
the more general form of the radiative conductivity originating from the kinetic theory.

=4.5-T°d,,, Cla,5S,)= % 160 T Lty ?3)

rad , pore mean

Sf,ZD :h /dmean;Sf,3D :h % /dz (4)

mean mean mean, mean

Here, T [K] is the average temperature inside the pore, ¢ [W/m?K*] the Stefan-Boltzmann
constant and dmean, fAmean and Wnean [m] the mean distance between opposing pore walls
parallel (dmean) or perpendicular (Amean, Wmean) to the heat transfer direction. C(a, Sy [-] is a
factor taking into account the effect of the absorptivity and the geometry of the pore walls
using the directional slenderness factor Sy [-], and was defined based on a series of radiative
simulations in several pores with varying geometries (Van De Walle & Janssen, 2016).
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Since the bulk mean free path of photons Lurp radpuik travelling in a non-absorbing medium
like air is considered very large (~kilometres), the effective mean free path reduces to the
boundary mean free path. Indeed, radiation is often modelled as only depending on the system
boundaries. Using the analogy between gas particles and photons as well as between the ther-
mal accommodation coefficient and the absorptivity, we can rewrite the last two parts from
eq. 3 to finally formulate an expression calculating the energy boundary mean free path for
gas particles in a certain pore (eq. 5).

L e Ca,Sf) )

AW

MFP ,bdy ,en =

Here, a is now the thermal accommodation coefficient instead of the radiative absorptivity.
Hence, combining eq. 5, 4, 2 and 1, the reduced gaseous conduction can be calculated for
every pore, knowing the gas state (pressure and temperature), the bulk gas properties (R
[J/kgK], cvgss and Asukeas) and the material properties (pore dimensions and thermal
accommodation coefficient).

VALIDATION OF GASEOUS CONDUCTION CALCULATION

The implemented gaseous conductivity calculation procedure is validated against
experimental and numerical results found in literature for different geometries, gasses and
thermal accommodation coefficients.

Gas confined between parallel plates

The accuracy of the implemented calculation procedure to predict the gaseous conductivity
variation is examined firstly for the simple case of parallel plates. Results are compared with
experimental measurements of Braun & Frohn (1976) on Ar gas at pressures from 8.5 Pa to
66735 Pa, and with numerical DSMC simulations by Denpoh (1998) on N> gas at plate sepa-
ration distances from 1.6 nm till 22 um. Details of both studies are summarized in Table 1,
results are brought in Figure 2a. For both cases, the calculation procedure proves to accurately
predict the gaseous thermal conductivity over the whole range of pressures and plate separa-
tion distances, even at varying thermal accommodation coefficients. Furthermore, they agree
also very well with the often applied analytical prediction formula of Zhang (2007), derived
for heat transfer between parallel plates.

Cuboid nanopore

The gaseous conductivity in real, more complex shaped pores depends (apart from the pore
size and gas pressure) also on the pore’s specific geometry. The performance of the novel
calculation procedure — able to take the three-dimensional shape of the pore into account — is
validated on a cuboid nanopore. Predicted results are compared with numerical DSMC simu-
lations performed by Zhu et al. (2017) on Ar gas in a cuboid pore, varying the side length
from 24 nm till 1.4 um; details are mentioned in Table 1. The gaseous conductivity predicted
by our model agrees very well with the simulation results of Zhu et al. over the whole range
of pore sizes, see Figure 2b. Furthermore, the model clearly outperforms the parallel plates
formula of Zhang, underlining the importance of taking the true pore geometry into account.

Table 1. Properties used in the model to predict the gaseous thermal conductivity (NIST).

Study Geometry Gas Agas,butk [W/mK] al-]
Braun & Frohn, 1976 // plates Ar @ 323 K 0.0188 0.7385
Denpoh, 1998 // plates N @ 343 K 0.0286 0.1-05-1
Zhu et al., 2017 Cuboid Ar @ 300 K 0.0177 1
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Figure 2: Gaseous conductivity results predicted by our model agree very well with experimental and
numerical literature for gas confined between parallel plates (a) and gas in a cuboid nanopore (b).

CASE STUDY

Lastly, a case study is performed to investigate the potential impact of reducing the pore size
and thus the gaseous conductivity on the total ETC of a porous sample. A body-centred cubic
(BCC) unit cell is used as sample pore structure, considering the spheres as air-filled cavities
inside a solid matrix. Three different material porosities are considered (50 %, 70 % & 90 %).
The thermal conductivity of the matrix is set to 1 W/mK, simulations are performed at 20 °C
mean temperature and 101325 Pa air pressure inside the pores. The specific heat capacity at
constant volume is assumed to be 717 J/kgK (NIST), while a common value of 0.9 is taken
for the thermal accommodation coefficient (Zhang, 2007). First, the ETC of each sample is
calculated setting the pores’ diameter to 1 mm, hence having the bulk air thermal conductivity
inside them. Subsequently, the dimensions of each sample are rescaled five times, obtaining
five different pore diameters between 1 nm and 10 pm. The total ETC of each sample is
calculated using the numerical framework described in the introduction, taking into account
the reduced gaseous thermal conductivity in every pore. The effect of the pore dimensions on
the effective matrix conduction and radiative heat transfer is not taken into account here. A
resolution of 400° for the voxel grid image is applied together with a mesh size of 3 times the
respective voxel size, showing no further improvement with increasing grid and mesh
refinement. As expected, the ETC generally decreases with increasing porosity and decreasing
pore diameter (Figure 3). Furthermore, the effect of the pore size becomes more pronounced
at increasing porosities, since gaseous conduction becomes progressively more dominant in
the total heat transfer. The steepest drops are observed when decreasing the pore size from 10
um to 100 nm, resulting in an ETC decrease of over 30 % for the sample with 90 % porosity.
However, at the relatively high matrix conductivity involved here, the sample’s porosity
seems to remain the most important parameter. Future research will focus on studying

o S—d=1mm 0.5 S ' —O—d=1mm
04+t A d=10pm 047 d=10pm
= d=1pm o 037 d=1pm
g 03+ d=100nm £ 02} d=100nm
= d=10nm = d=10nm
—~ 02 ——d=1 = -
8 nm |L_) 01t —>H\: Tnm
L 0.1 L [
0 0.05 ¢
0.4 0.6 0.8 1 0.4 0.6 0.8 1
a. Porosity [-] b. Porosity [-]

Figure 3: The ETC decreases with increasing porosity and decreasing pore size (a); at higher porosities
the effect of a smaller pore size becomes more pronounced (b).
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more complex materials and including the nanoscale effect on the matrix conduction and the
radiative heat transfer in nanoporous materials.

CONCLUSIONS & FUTURE WORK

The paper presents the extension of a numerical framework to study the heat transfer in
porous insulation materials showing low thermal conductivities due to the Knudsen effect. A
novel computationally efficient method for calculating the gaseous conductivity in nanopores
and at reduced gas pressures is discussed and validated against experimental and numerical
results found in literature. An exploratory case study showed the effect of reduced pore
dimensions on the ETC of a porous material, at three different porosities. Future work will
focus on validating the model with experimental measurements on real materials having
nanopores or reduced gas pressures.
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ABSTRACT

To reduce the experimental effort and time required for the hygric characterisation of building
materials, dynamic measurements in combination with parameter estimation are promising.
However, noisy input data as well as limited and noisy output data complicate a reliable
estimation of the material properties. A well-considered design of the dynamic experiments is
advisable to reduce parameter uncertainty and to resolve non-identifiability issues.

Based on a virtual hygric test case, this paper shows the profile likelihood analysis to be an
interesting starting point for the optimal design of hygric experiments. Trajectories of internal
observables, such as relative humidity, plotted for the parameter sets along the profile
likelihood curve are used to map highly uncertain ranges in the prediction space. This way, a
first indication of information-rich (but originally non-measured) readouts that can reduce the
parameter uncertainty is achieved. A profile likelihood sensitivity (PLS) index is used to
quantify the individual uncertainty impact of the model parameters on a dynamic model
prediction. Additionally, the PLS entropy quantifies the parameters’ individual contribution to
the overall prediction uncertainty. Both quantitative measures are applied to select the optimal
readouts for reducing parameter uncertainty. The major advantage of the methodology is that
it is a sample-based approach, and hence no gradient or curvature information of the objective
function is required. This renders the methodology preferable over classical approaches based
on Fisher information especially when dealing with non-linear problems.

KEYWORDS
Hygric properties, dynamic experiments, optimal experimental design, profile likelihood
analysis, PLS index and entropy

INTRODUCTION

The reliable evaluation of moisture transfer in building materials is of great importance for the
assessment of hygric damage patterns, building energy consumption, etc. In this respect, an
accurate description of the moisture storage and transport properties of building materials is
essential. Traditionally, these hygric properties are mainly determined based on steady-state
measurements, which are tedious and time-consuming though. To reduce the experimental
efforts required for such hygric material characterisations, dynamic measurements in
combination with inverse parameter estimation show a lot of promise (Vereecken et al.,
2018). However, noisy input data together with a limited and noisy output can complicate a
reliable estimation of the properties. A well-considered design of the dynamic experiment
helps reducing parameter uncertainty and could even resolve non-identifiability issues (i.e.
parameters that cannot be uniquely derived from the available experimental output). Optimal
Experimental Design (OED) methods can be applied to define such a purposeful information-
rich design. Often, these OED methods aim at maximizing an optimality criterion that makes
use of the Fisher information matrix (a.o. Dantas et al., 2002; Balsa-Canto et al., 2007), which
is a matrix that quantifies the amount of information about an unknown model parameter
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comprised in an observable. Unfortunately, the calculation of the Fisher information matrix
requires information on the curvature or gradient of the log-likelihood objective function,
which can be hard or even impossible to obtain for non-linear problems.

To resolve these issues, this paper explores, for a virtual hygric test case, the applicability of a
sample-based OED approach evolved in systems biology research (Raue et al., 2009; Flassig
et al., 2015). The method uses the information obtained in a profile likelihood analysis to map
highly uncertain ranges in the prediction space. In this way, information-rich (but originally
perhaps non-measured) readouts that reduce the parameter uncertainty can be selected.
Quantitative measures for the uncertainty impact of the model parameters and their individual
contribution to the overall prediction uncertainty are applied to make a rational selection
between different potential readouts.

METHODS

The next paragraphs describe the virtual benchmark case, the parameter estimation method,
the profile likelihood analysis and how to use this information to make a rational selection of
suitable additional readouts in further experimental planning.

Initial benchmark description

In the benchmark case, the vapour resistance factor and the sorption isotherm of a calcium
silicate sample are to be determined based on a dynamic experiment. The material’s actual
hygric properties (= target values) are shown in Figure la-b. A cylindrical sample with a
diameter of 8 cm, a height of 4 cm and at an initial relative humidity of 12% is exposed to a
dynamic step function in relative humidity (see Figure 1¢). The sample’s side and bottom are
covered with a vapour-tight foil, which yields one-dimensional moisture transport. The mass
transfer coefficient at the top of the sample is 3-10® s/m + N(p,6%) with u = 0 and ¢ = 2:10”.
The moisture transfer in the sample is simulated by use of a control volume model in order to
create the virtual experimental output. Initially, the sample’s mass change measured with a 1-
hour time interval is assumed to be the experimental output. This output is subjected to white
measurements noise € ~ N(u,6°) with u=0and 6 =0.011.
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Figure 1. a) Actual sorption isotherm and b) actual vapour diffusion resistance of the calcium
silicate sample; c) relative humidity in the environment above the top of the sample.

Parameter estimation

The parameters searched for are given in Table 1, together with the target values (= actual
values in the benchmark case) and the lower and upper values of the search space. To estimate
the unknown parameters, Bayesian inference is applied. Thereto, the Differential Evolution
Adaptive Metropolis algorithm developed by Vrugt (2016) is used. In the estimation process,
the moisture transfer in the calcium silicate sample is simulated with the same control volume
model as used to simulate the benchmark experiment. A maximum log-likelihood (LL) is
pursued, with the log-likelihood expressed as:
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LL="0 1og(2z)—flog($tJ—%i Amed) (1)
t=1

A
where n, the number of measurement points for the sample’s mass increase, ¢, the standard

deviation of the observations’ measurement noise and y, and y, the mass increase in the

virtual experimental data set and simulated in the estimation process, respectively. For the
priors in the Bayesian inference, a uniform distribution is assumed.

Table 1. Unknown parameters together with the target values and the upper and lower
boundaries in the search space. The parameter wy, in the sorption balance is assumed to be
known (811.14 kg/m?). Additionally, w(0.54) is assumed to be measured beforehand (= 2.9
kg/m?) and is used to infer the parameter £ in the sorption balance.

Vapour resistance Sorption isotherm Noise Mass
w(RH) = w(RH) = balance | transfer
1/(a+b-exp(c-RH)) Wear'[ 1+(k-In(RH)) "1™ ™ coefficient
Parameters a b c m oM B
Target value 0.174  2.806-10"  7.229 0.4321 0.011 3-10*®
Lower boundary | 0.05 10710 4 0.1 10° 107
Upper boundary | 0.8 10! 30 0.8 1 10

Profile likelihood analysis

To assess the identifiability and the confidence of the estimated model parameters, the profile
likelihood analysis developed by Raue et al. (2009) is applied. In this approach, the profile
likelihood PL curve for a model parameters 6; is calculated by:

PL(8)=maxL(6)) @

with L the likelihood and 6; the other parameters searched for in the estimation process.
Hence, the PL curve for a parameter 6; can be constructed by a re-optimisation of the
parameters 0= for fixed values of #; within an interval in the search space. In the current
study, the knowledge on the likelihood of the candidate solutions analysed in the Bayesian
inference procedure is used to draw the PL curves. A frequentist optimisation method as
applied in (Vereecken et al., 2018) is furthermore used to create additional points to check and
to complete the PL curves. The profile likelihood-based confidence region (CR) is defined by:

{a |—2log(PL(6))) < —2log(ij+;{;} 3)

with . the a” quantile of the ;{;f -distribution, with df = 1 degree of freedom and L the

maximum likelihood estimate. The borders of this confidence region define the confidence
interval (CI). A finite CI indicates a practically identifiable parameter, which means that -
based on the available data - for 6; a limited range of values with a likelihood not significantly

different from L can be determined. A (semi-)infinite CI with a variable likelihood level is
associated with practical non-identifiability, whereas an infinite CI with a constant likelihood
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level below the desired threshold indicates that the parameter is both practically and
structurally non-identifiable and, thus, that a unique parameterisation is theoretically not
possible for the model.

Optimal experimental design

To define an OED, insight on the impact of the parameter’s uncertainty on model predictions
is required. To analyse this impact, in the current approach, the set of parameters along the PL
curves in the confidence region are used (in case of a semi- or infinite confidence region the
set of parameters along the PL curve in a region of a few orders of magnitude around the
maximum likelihood estimate (MLE) can be used). The spread of the model prediction
trajectories drawn for this set of parameters contains information on the parameter’s
uncertainty impact; a large spread indicates a large impact of the uncertainty of the specific
parameter on the specific model prediction. To quantify the individual uncertainty impact of a
model parameter 6; on a model prediction pi(#), the profile likelihood sensitivity (PLS) as
defined by Flassig et al. (2015) can be used:

2

max ({p,(1,)})~min({p, (1,)})
o)

where max/min({pi(ty)}) define the maximum/minimum for a model prediction p; at time # and
where the denominator corresponds to the time average of the model prediction for the MLE
of the parameters. The overall uncertainty of the set of model parameters (n4) for a specific
model prediction over a period defined by n; time-points can be obtained as:

s,(t,) = “4)

ng n,

S = 2, 28 (8) Q)

i=l k=1

To reduce the uncertainty on a model prediction, and thus to reduce the uncertainty of the
parameters that produce this prediction uncertainty, an additional readout that maximizes the
PLS index (s; or s« depending on the interest in a single parameter 6; or in the total set of
parameters, respectively) should be selected. When a reduction of the uncertainty of a set of
model parameters it pursued, it is furthermore of importance to look for a design with a more
or less equal contribution of these parameter uncertainties to the PLS index. Shannon’s
entropy gives information on this contribution and can be calculated as (Flassig et al., 2015):

n ) S; (tk) S (tk )
Ju=2 = - ! 6
BRSO S ) §

The larger Shannon’s entropy the more homogenous the PLS index of the individual
parameters (s;) contributes to the total PLS index (s/).

RESULTS

The OED methodology is applied to define the best position to measure the relative humidity
in the sample. Four possible designs are compared: a RH-sensor at 1, 2, 3 or 4 cm from the
top of the sample. Figure 2 shows the PL curves for the model parameters that define the
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hygric properties, and this for the case when the experimental output is limited to the sample’s
mass increase (and thus without a RH-sensor). The four parameters are practically
identifiable, as is the case with the other model parameters (not shown) as well. Based on the
parameter sets along the PL curves below the 95% threshold, the trajectories of different
model predictions are drawn. As an example, Figure 3a shows the trajectories for RHs (= RH
at the bottom of the sample), and this for the model parameter m. The individual PLS indices
as a function of time are given in Figure 3b, and this for the model prediction RHa. Finally,
Figure 3¢ shows for the four designs the criterion space with the total PLS index and entropy.
The maximum PLS index and entropy is obtained for RH4. Hence, of the four designs this is
the best option to choose as an additional readout. Overall, the largest reductions of the
confidence intervals are obtained when including data on RHy, as indicated in Table 2. Note
also that some CI’s become slightly wider after including a RH-sensor, which might be the

result of the extra noise term o, included in the parameter estimation process.

Figure 2. Profile likelihood curves for the model parameters a, log(b), ¢ and m.
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Figure 3. a) Trajectories of RHs along the PLS curve for the parameter m, b) PLS indices of
the different model parameters for prediction RH4 and c) criterion space.

Table 2. Upper and lower bounds of the CI’s for the initial experiment and the experimental
designs. The narrowest CI’s are indicated in bold.

Mass only Mass + RH; Mass + RH» Mass + RH3 Mass + RHy
a [0.145; 0.22] [0.15; 0.2] [0.154; 0.2] [0.16; 0.19] [0.142; 0.178]
log(b) [-6; -2] [-6; -2] [-6.8; -2.18] [-5.8; -3] [-4.0; -2]
c [3.7; 14] [4; 13.5] [5; 15] [5.6; 13] [3.4; 8.7]
m [0.405; 0.455]  [0.426; 0.442]  [0.428; 0.438] [0.428; 0.438] [0.426; 0.436]
oM [-2; -1.88] [-2; -1.94] [-1.99; -1.87] [-1.99; -1.87] [-1.99; -1.88]
ORH / [-1.84;-1.72]  [-1.875; -1.77] [-1.875; -1.77] [-1.83; -1.72]
B3 [-7.825; -6.85] [-7.8; -6.5] [-7.75; -6.9] [-7.75; -6.9] [-7.74; - 6.93]
DISCUSSION

A sample-based approach that starts from the information in a profile likelihood analysis is
used to make a decision on the optimal position of a RH-sensor in a hygric experiment. A RH-
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sensor at the bottom of the sample is found to be most efficient in reducing the confidence
region. However, it should be kept in mind that such a reduction is not necessarily always
accompanied by a closer agreement with the target values.

One of the advantages of the presented sample-based approach is that it is based on
information that is already at hand when analysing the practical identifiability based on the PL
curves. Additionally, the method yields information on the uncertainty induced by the
individual parameters and their contribution to the overall prediction uncertainty. This way,
one can also focus on specific model parameters. A disadvantage of the sample-based
approach might be its limitation to the readouts in experimental planning. In its current form
no direct information on the best input conditions is achieved. Ultimately, as with all OED
methods, the OED process is an iterative process that requires a priori knowledge. In the
presented approach, a first experiment should be performed before a rational selection of
further readouts can be made, whereas in the classical OED approaches initial parameter
assumptions have to be made.

CONCLUSIONS

The profile likelihood analysis is shown to be a highly valuable starting point for the optimal
design of hygric experiments. Based on the trajectories of internal observables plotted for the
parameter sets along the profile likelihood curve uncertain ranges in the prediction space are
mapped. A quantitative measure of the parameters’ uncertainty (PLS index) and their
contribution to the overall uncertainty (PLS entropy) enable a rational selection of highly
informative readouts. The major advantage of the methodology is that it is a sample-based
approach, which makes that no gradient or curvature information of the objective function is
required. This way, especially when dealing with non-linear problems, the methodology is
preferable over classical approaches based on Fisher information.
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ABSTRACT

This work represents the determination of the discharge coefficient c¢s of a window in the
Research Centre on Zero Emission Buildings’ (ZEB) Test Cell Laboratory (TCL), located at
the campus of the Norwegian University of Science and Technology (NTNU) in Trondheim,
Norway, for the later use in building energy performance simulation (BEPS) software. For
example, the BEPS program IDA Indoor Climate and Energy (IDA ICE) considers window
openings to always be of rectangular shape and the user can only enter the percentage of
window area to be opened together with a discharge coefficient cs. By adjusting the cs which
depends on the actual shape of the window and whether the opening is used for single-sided
natural ventilation or cross ventilation among others, it is possible to approximate other
window opening forms such as tilted, pivoted etc.

While several studies found the discharge coefficient for large, sharp-edged openings such as
windows or doors to be between 0.60 and 0.65 (Cruz & Viegas, 2016; Flourentzou, van der
Maas, & Roulet, 1998; Heiselberg, Svidt, & Nielsen, 2001), it is still questionable which
value to use for tilted windows.

For a subsequent calibration process of a simulation model of the TCL it was necessary to
perform measurements for the discharge coefficient which describes flow losses in natural
ventilation, based on the research of Heiselberg et al. (2001) in order to quantify airflows
through the opened window. Measurements were carried out using Blowerdoor test equipment
to determine ¢4 for the TCL’s window. This was done for a tilted window with different
opening angles and different pressure differences across the window. By experiment, the
mean c¢q was found to be 0.75. It can be seen that Heiselberg et al. results are slightly higher
than the ones obtained in the present work. This is most likely a result of different window
shapes (vertical vs. horizontal shape, but both bottom hung) and measurement inaccuracies.
The results of these measurements can be used as input to BEPS programs.

KEYWORDS
Building energy performance simulation model, calibration, discharge coefficient,
measurements

INTRODUCTION

Natural ventilation is often used to supply indoor environments with fresh air from the outside
and it is considered to be able to reduce cooling energy demands of office buildings
significantly, since people are found to be satisfied with a wider temperature range and their
office indoor environment in general when given control over it (Brager, Paliaga, & de Dear,
2004; de Dear & Brager, 1998; Leaman & Bordass, 1999). The use of natural ventilation
instead of mechanical cooling systems therefore can enhance working conditions while saving
energy costs.
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The quantification of air flowing through a window thus plays a critical role in determining
the cooling potential and the indoor thermal comfort. While several studies confirmed the
discharge coefficient c4, which is often used in BEPS programs to account for turbulence and
friction losses, for sharp-edged openings to be between 0.60 and 0.65 (e.g. Cruz & Viegas,
2016; Flourentzou et al., 1998; Heiselberg et al., 2001), it is still questionable which cq to use
in case of tilted windows since it is very much dependent on the specific case of application,
as the following literature review will show.

Wang et al. (2017) investigated a row of windows typically used in buildings, both analytical
and with Computational Fluid Dynamics (CFD) simulations. The model used for the
analytical approach originally goes back to Awbi (1996) and describes the volume flow rate
through a single opening due to temperature difference. Wang et al. found good coherence
between their detailed CFD calculations and the analytical approach for the tilted window
with a maximum deviation under 20 %. But they also suggested dismissing a constant ¢4 of
0.6 for all kinds of window openings when using the analytical model. The coefficient
increases with increasing buoyancy and decreases with an increasing flow area.

The module for air flow networks in the simulation program TRNSYS (Transient System
Simulation Tool) integrates a COMIS (Conjunction of Multizone Infiltration Specialists) type
network into the program suite, that offers the possibility to calculate bidirectional air flows
through opened (including tilted) windows and their cs factor (TRNSY'S, 2009). At standard
opening angles from o = 3° to 7° the equation gives discharge coefficients lower than 0.65
(mostly between 0.3 and 0.5).

Maas (1995) conducted CFD calculations and measurements for different opening angles (o =
1.02° to 7.17°) of a tilted window (width w x height 2 = 0.82 m x 1.12 m) with and without a
window reveal of 20 cm under realistic boundary conditions (measurements in an actual
building). Similar to Hall (2004) Maas found that a radiator right below a window leads to a
lower air exchange through the window. Furthermore, he quantified the impact of a window
reveal with a decrease of air flows through the window with 50 % (Maas, 1995).

Grabe (2013) found that the assumption of equal in and outflow cross sections might not be
right. Smoke visualizations showed the outflow area (in case of warmer indoor temperatures
located at the window top) being constantly larger than the inflow area by the factor 2.5
(Grabe, 2013). In a precedent study Grabe, Svoboda, and Baumler (2014) found that the
incoming mass flow through a tilted window can be expressed through a logarithmic relation
(Grabe et al., 2014).

Heiselberg et al. (2001) investigated the characteristics of air flow in rooms for a bottom hung
(wx h=1.6 m x 0.4 m) and a side hung window (w x 2= 0.81 m x 1.38 m) in a series of
laboratory measurements. The windows were mounted in a wall separating two rooms, one of
which simulating outdoor conditions. A ventilation system was used to generate pressure
differences and to measure the air flow rates through the openings. For the case of the bottom
hung window with single sided ventilation three opening areas have been investigated: 0.019
m?, 0.026 m? and 0.045 m?. For this window, the measured discharge coefficients showed a
significant dependency on the opening area, the window type and the pressure difference
between the two rooms used for the experiment, but only a small dependency on the
temperature difference. For the largest opening area the cs was roughly between 0.78 and
0.85, for the intermediate between 0.87 and 0.92 and for the smallest between 0.96 and 1.02
(Heiselberg et al., 2001).

A comparison of the named studies is not trivial, as all the named authors pointed out that
their findings would be valid for similar boundary conditions and window shapes only. The
big difference from Heiselberg’s findings to those from TRNFLOW for example, is mainly a
result of different area calculations and different governing equations.
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ZEB Test Cell Laboratory

The measurements for this study were conducted at the ZEB Test Cell Laboratory (Goia et al.
2017), a facility used for testing building envelope systems in calorimetric and comparative
tests. It is located on the campus of the NTNU in Trondheim, Norway. The building consists
of two 10.9 m? test cells, each surrounded by a guard volume. Both cells have one fagade to
the outside, facing exactly South, which can be replaced according to the research needs. This
way it is possible to investigate different window types, window opening strategies, facade
types, insulations, heating, ventilation and lighting strategies etc. with real weather conditions
and, if required, with real occupants. Each cell and each guard volume can be conditioned
independently from each other. This part also has an own, independent HVAC system. Fig. 1
shows a 3D perspective from inside the Test Cell Laboratory with highlighted investigated
window (red).

339m

436m
/ 250m

Fig. 1. 3D perspective from inside the Test Cell Laboratory. Highlighted, the investigated
window.

The cell envelopes to the guard volume are made of prefabricated sandwich panels with two
0.6 mm stainless steel sheets and 10 cm injected polyurethane foam in between, resulting in a
U-value of 0.23 W/m?K. Between the slab of the building and the test cell floor is a gap of ca.
0.5 m, which is also conditioned by the guard volume HVAC system. Its air exhausts are
located along the test cell’s surfaces to guarantee an even distributed air flow and temperature
around it. A weather station on the roof is continuously collecting wind speed and direction,
temperature, relative humidity, solar radiation and other weather data. These, along with the
measurement values from the cells are stored on a server in the control room.

The facility is used for testing different building parts and conditioning strategies under real
weather conditions, primarily for the purpose of indoor comfort analysis. A calibrated virtual
model in a thermal simulation program therefore can help to reduce duration and costs of
measurements by preselecting only the most promising set-ups for real life tests.

Research question

Many of the common BEPS tools, such as IDA ICE, require the input of a suitable discharge
coefficient to consider special window opening forms (e.g. tilted window) for the
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determination of natural ventilation air flows. As the literature review has shown, the
discharge coefficient is not constant and it very much depends on the case of application.

Due to simplifications IDA ICE cannot determine the air flow through a tilted window
correctly, as only rectangular windows are supported (Bring et al., 1999). A possible solution
for the problem can be to change the window geometry in the simulation model. The
program’s distributor EQUA therefore gives modelling guidelines which can be seen in Fig.
2. With this approach, the window is split into several smaller ones, which correspond to the
same area as the original one, so that solar gains and losses through heat transmission etc. stay
the same. Only the grey parts are (fully) openable (Moosberger, 2017). However, it is still
questionable which discharge coefficient should be inserted when this method is used.
Therefore it was decided to perform measurements for the discharge coefficient based on the
research of Heiselberg et al. (2001).

n=2/3h

w=3/4s

\

/

Fig. 2. EQUA’s modelling guidelines for tilted windows (Brozovsky, 2018)

METHODS

Since the investigated window form significantly differs from the ones used in the previously
listed studies, own measurements were taken. They were conducted at different pressure
differences and opening degrees with Blowerdoor test equipment (Brozovsky, 2018). The
pressure difference is measured by the Blowerdoor test equipment and the window’s opening
area was determined by measurements. Thereby the narrowest passage of the flow had to be
found for the complex frame geometries. Following equations 1 - 3 were used for the
calculations.

eq. 1
eq. 2
eq. 3

with

Vap Air volume flow measured by blower door [m*/h]

Viheo Theoretically achievable volume flow without friction [m3/h]

Aop Opening area of window [m?]

Utheo Theoretically achievable mean air speed through opening without friction [m/s]

Ap Pressure difference across opening [Pa]

p Density of incoming air [kg/m?]

The measures of the investigated window are w x # = 0.70 m x 1.21 m. The theoretically
possible volume flow without friction then was obtained from the pressure difference and the
density. The Blowerdoor equipment estimates the actually occurring air flow through the
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rotational speed of the fan. Under realistic conditions, the actual air flow must always be
lower than the theoretically possible flow. A high potential for error must be considered
especially for small openings, when the clearance between the window frames is minimum.
All measurements were taken under isothermal conditions. Aop was determined with equation
3 with tilt width s and window height / (according to Figure 2), window width w and
constriction area Ac due to the window fitting etc.

RESULTS

Fig. 3 and Table 1 show the results of the analysed measurement data. As a comparison, also
Heiselberg et al.’s findings (2001) with the largest window opening area are plotted on the
figure. By experiment, the mean discharge coefficient was found to be cs = 0.75 for the tilted

window being used in the laboratory which is good accordance with the research by
Heiselberg et al. (2001).

Fig. 3. Measured discharge coefficients for different opening areas and pressure differences
(blue) and measurement results by Heiselberg et al. (2001) (red)

Table 1. Measured cq values for different opening areas

Opening area A,,[m?] Tilt width s [m] Tilt angle o [°] Mean cq4[-]
0.042 0.024 4.1 0.74
0.065 0.037 5.4 0.79
0.105 0.060 7.1 0.74
0.154 0.088 8.5 0.73
DISCUSSIONS

It can be seen that Heiselberg et al. results are slightly higher than the ones obtained in the
present work. This is caused by different window shapes (vertical vs. horizontal shape, but
both bottom hung) and measurement inaccuracies. Still, the findings are in accordance with
Heiselberg et al. as they assume that “[...] for large opening areas the discharge coefficient
approaches the commonly used value of 0.6, while it will have a larger value for small
opening areas” (Heiselberg et al., 2001) which was also found by Wang et al. (2017). The
overall mean discharge coefficient for all opening sizes and pressure differences of the
investigated and tilted window is ¢4 = 0.75.
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CONCLUSIONS

The results of these measurements can be used as input to BEPS programs. It gives
confidence in the use of discharge coefficients determined by Heiselberg et al. (2001). The
obtained discharge coefficients were consequently used in a calibration process of an IDA
ICE simulation model of the TCL (Brozovsky, 2018).
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ABSTRACT

The phenomenon of droplets impacting porous media is ubiquitous in rain events. Rain is a
major source of moisture in buildings. When a water droplet impacts a permeable surface, it
spreads on the surface and is absorbed into the porous material due to capillary action. This
paper presents an experimental investigation of the absorption and film forming during train
of liquid droplets impacting porous stones, towards establishing the fate of rain droplets
during rain events.

KEYWORDS
Rain water droplet, porous materials, impact, absorption, film forming.

INTRODUCTION

The phenomenon of drop impacting porous media is ubiquitous in nature and is associated
with mechanisms found in various industrial applications. Rain is a major source of moisture
in buildings and a main agent of degradation.

When a liquid droplet impacts a permeable surface, it spreads on the surface and is absorbed
into the porous material due to capillary action. The spreading behavior of the impinging
droplet on the surface is known to depend on the properties of the liquid, i.e. density, viscosity
and surface tension, impact conditions such as drop size and impact velocity, and the surface
wettability and roughness (Lee et al. 2016a). In porous media, absorption is governed by both
the properties of the liquid and of the porous medium, i.e. porosity, pore size, wettability (Lee
et al. 2016b). Once the deposited droplet is completely depleted from the surface, the liquid
further redistributes within the porous medium due to capillary forces, while evaporation
occurs at the surface (Reis et al. 2003). In case of saturation of the porous medium, the
remaining water lies at the surface in a pool, and, in the event of further impacts, a water film
can build up.

For a better understanding of the absorption process inside porous media, observing directly
the liquid content redistribution in the porous medium is required. Absorption in porous media
has been studied with several non-destructive techniques, namely X-ray, neutron and gamma-
ray radiography, magnetic resonance imaging (MRI) and nuclear magnetic resonance, and
destructive techniques.

In this study, we aim to capture the full deposited droplet contact area, absorption and film

forming process of trains of impinging droplets on natural porous stones by using neutrons as
the means of investigation. Neutron radiography allows visualizing the moisture content
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distribution in porous stones. During the experiments, we measure the mass of deposited
water to validate the neutron measurements. The deposition and absorption process of trains
of impinging droplets is continuously characterized during deposition, absorption, evaporation
and redistribution. We provide the total mass in/above the stone and moisture distribution, in a
time-resolved manner.

METHODS

Samples

Three stones with varying porosity and uptake characteristics are selected: two sandstones
(Meule and Bentheimer) and one limestone (Savonniéres), Figure 1. The porous stones are cut
in cubes of 20 x 20 x 10 mm3 for characterization and drop impact tests.

Figure 1. Photos of Bentheimer (left), Meule (center) and Savonnieres samples.

Water droplet generation
Water droplets are generated at the flat tip of a needle by pushing a syringe pump. The
droplets have an initial diameter of 2 mm. When the droplet is released, it accelerates by
gravity reaching an impact velocity of 0.5 m/s, 1.0 m/s and 3.0 m/s, and the rates are varied to
4, 8 or 16 drops per minute.

Neutron radiography

The absorption process into the porous stone is captured by neutron radiography. In a nutshell,
neutrons are attenuated by the hydrogen of water, but penetrate the porous stone, and then
activate a scintillator which is photographed by a camera.

The experiment for the absorption of drop impact is performed at the NEUtron Transmission
RAdiography (NEUTRA) beamline of the Paul Scherrer Institut, Villigen, Switzerland. The
NEUTRA beamline is operated with neutrons within a thermal spectrum (Lehmann 2008).
The necessary exposure time for each image is 3 seconds and the nominal spatial resolution of
the neutron radiography is 47.2 um/pixel. Figure 2 shows a schematic overview of the neutron
beamline and the experimental setup for drop impact.

CMOS

- -
[] omm Syringe pump

Needle

Droplet
=3 Neutron Humidity
Visible light chamber

Mirror

Collimator Beam shutter Sample  Scintillator
Figure 2. Schematic of experimental setup at NEUTRA beamline configuration.
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Using Beer-Lambert law, the variation of attenuation of the neutron beam yields the moisture
content, further details on image analysis and post-processing can be found in (Sedighi Gilani
et al. 2012). Figure 3 shows the comparison between mass obtained from neutron images and
deposition.

mass [mg]

Figure 3. Validation by comparing total mass (mg) versus time comparing the total mass from
neutron imaging (thick red) with actual water mass deposited (thin black). Total mass of water
resting on the stone in blue, in the stone in dark blue.

RESULTS

We present here only the results for Savonniéres but results of all 3 stones are presented at the
conference. In general, the uptake is faster for Savonnieéres with more water in the stone and
less on the surface. The other two stones undergo less moisture uptake in the same time and
hence the surface water pool appears earlier and develops more.

Viz 0.5 m/s Vi: 1 m/s Viz 3m/s

Figure 4. Moisture content (in thickness (mm) per pixel) for train of water droplets on
Savonnicres at the rate of 4 drops per minute for three impact velocities from top to bottom
after 3, 33, 93 and 180 seconds.

In Figure 4, moisture content distribution is given after deposition of 1, 3, 7 and 13 droplets
for three impact velocities. Absorption occurs from the deposited droplet into the steones
via
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the contact area, With time, water is transported in the stone further and further from the point
of impact. In time water distribution has an elliptical shape that is quite independent from the
impact velocities, as, by that time, the contact area is similar in all these cases.

Figures 5 and 6 provide moisture content profiles versus time above and below the stone
surface, taken at the center of the droplet and right below/above the surface respectively.
Faster droplet rate leads to the development of water accumulation and thus water pool and
film on the surface.

F=4 drops/s F= 8 drops/s F= 16 drops/s

Figure 5. Vertical moisture content profiles for train of water droplets on Savonnicres at the
rate of 4, 8 and 16 drops per minute for three impact velocities from top to bottom of 0.5, 1
and 3 m/s. Pink line represents the stone surface.

Droplets spreading on the surface depends on impact velocities. Then, water is transported in
the stone further and further from the point of impact. In time water distribution has an
elliptical shape that is quite independent from the impact velocities. Faster droplet rate leads
to the development of water accumulation and thus water pool and film on the surface. Film
forming is found to be dependent on both transport properties and saturation degree of the
stones. Moisture distribution within the porous stones, which are here all rather isotropic, is
found to be dependent on impact velocity and thus of maximum spreading, for the first
droplets of the train. Afterwards, the pooling of water yields similar moisture distribution.

CONCLUSIONS

This paper presents an experimental investigation of absorption and film forming during trains
of liquid droplets impacting porous stones. Neutron radiography is used to quantify moisture
absorption in three natural stones of varying porosity and moisture uptake characteristics.
Film forming is found to be dependent on both transport properties and saturation degree of
the stones. Moisture distribution within the porous stones, which are here all rather isotropic,
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is found to be dependent on impact velocity, and thus maximum spreading, for the first
droplets of the train. Afterwards, the pooling of water yields similar moisture distribution.
This experiment provides very detailed information of rain droplet absorption and
redistribution in porous materials and can be used in conjunction with rain deposition
modeling to understand the fate of water with the built environment.

F=4 drops/s F= 8 drops/s F= 16 drops/s

Figure 6. Horizontal moisture content profiles above and below the contact line for train of
water droplets on Savonnicres at the rate of 4, 8 and 16 drops per minute for three impact
velocities from top to bottom of 0.5, 1 and 3 m/s.

ACKNOWLEDGEMENT

We acknowledge the important contribution of the PhD work of Dr. Jaebong Lee to this paper
and for running the experiment. His PhD was made possible through Swiss National Science
Foundation project no. 200021-135510. Guylaine Desmarais is acknowledged for the support
in the preparation and running of the PSI Neutra experiment.

REFERENCES

Lee J.B., D. Derome, J. Carmeliet. 2016a. Drop impact on natural porous stones. J. Colloid
and Interface Science, 469:147-156.

Lee J.B., D. Derome, J. Carmeliet. 2016b. Absorption of impinging water droplet in porous
stones. J. Colloid and Interface Science, 471:59-70.

Reis N.C., R.F. Griffiths, M.D. Mantle, L.F. Gladden. 2003. Investigation of the evaporation
of embedded liquid droplets from porous surfaces using magnetic resonance imaging,
Intern. J. of Heat and Mass Transfer, 46:1279-1292.

77



7th International Building Physics Conference, IBPC2018

Lehmann E.H. 2008. Recent improvements in the methodology of neutron imagin, Pramana,
71 () 653-661.

Sedighi Gilani M., M. Griffa, D. Mannes, E, Lehmann, J. Carmeliet, D. Derome. 2012.
Visualization and quantification of liquid water transport in softwood by means of neutron
radiography, Intern. J. of Heat and Mass Transfer, 55:6211-6221.

78



7th International Building Physics Conference, IBPC2018

Application of Rain Intensity Dependent Rain Admittance Factor (RAF) in
Hygrothermal Performance Assessment of Wall Systems

Emishaw Iffa”, Fitsum Tariku
BCIT Building Science Centre of Excellence, BC, Canada

*Corresponding email: eiffa@bcit.ca

ABSTRACT

Wind-driven rain (WDR) is one of the main moisture loading sources on the exterior
enclosures. The direct impact of wind-driven rain on the hygrothermal performance of
building envelope has been well documented. Rain admittance factor (RAF) and rain
penetration values characterize the amount of water reaching the exterior surface and the
exterior surface of the water-resistive barrier respectively based on measured horizontal rain
intensity. In common RAF factor calculation from horizontal rainfall data procedures, such as
ASHRAE 160, RAF values are not affected by the intensity of the rainfall. However, a
previous study shows RAF coefficients are sensitive to the rainfall intensity. Thus it is
important to investigate how the sensitivity of using horizontal rainfall intensity dependent
RAF factors and the subsequent rain penetration relates to hygrothermal performance
assessment of building envelope components. This study is based on five years of WDR and
horizontal rainfall data collected at different orientations of fagades at a two-story test
building in a mild coastal climate. The data is categorized into two sets based on rain
intensity. The correlation between the measured moisture content on the sheathing board of a
building envelope at different points utilizing RAF values based on the proposed approach
and the overall measured RAF values is studied using WUFI simulation. Results show that an
average percentage difference between the moisture content values of a sheathing board using
RAF values of the rain intensity dependent approach and the overall RAF measured value can
be as large as 9 %.

KEYWORDS
hygrothermal performance, rain admittance factor, rain intensity, water penetration, wind-
driven rain.

INTRODUCTION

Moisture ingression on building envelopes due to rain load along with vapour diffusion and
built-in moisture is the main cause for moisture related problems such as corrosion, mould,
rottenness and their consequential effects such as compromised structural integrity and health-
related problems. Accumulated moisture in components of wall systems due to wind-driven
rain (WDR) can be prominent in wet climates such as the coastal climate of British Columbia.
Designers are expected to take the rain load effect into account on the overall hygrothermal
performance of a building enclosure. Incorporating the wind-driven rain effect requires
measuring or accurately estimating the number of raindrops that are impinging on the vertical
building surfaces due to wind forces blowing towards the building.

Many factors affect the amount of wind-driven rain, including rain intensity, wind speed and

direction, topography, building geometry, the orientation of the building assembly, and the
location of the area of interest on the building elevation. However, the primary components to
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wind-driven rain intensity are rain intensity, wind speed and wind direction. Most wind-driven
rain computational models are based on semi-empirical and numerical analysis methods. The
most commonly used numerical analysis method is mainly developed by Choi in the 1990s
(Choi, 1994a, 1994b, 1999). According to Hens (2015), the semi-empirical analysis method
was developed in the 1950s by Lacy (Lacy, 1965) using experimental-based relations of
raindrop size, raindrop speed, and horizontal rain intensity. The calculation of raindrop size
and terminal velocity was based on Best’s work (Best, 1950a, Best, 1950b). Recently, based
on Lacy’s findings, a semi-empirical estimation formula is developed by Straube and Burnett
(2000).

To estimate the amount of wind-driven rain without direct field measurement at the location
of interest, historical weather data can be used. To account for other factors, such as the
building geometry, orientation of the building assembly, and the area of interest on the wall
facade, semi-empirical studies have provided coefficients to be used in calculations. The two
commonly used factors are the wall factor, W (BSI EN 13013-3, 1997), and Rain Admittance
Factor, RAF (Straube and Burnett, 2000), which considers the building aspect ratio, the
presence of a roof overhang and the area of interest within the wall facade. The wind-driven
intensity on a vertical surface according to Straube and Burnett’s method (Straube and
Burnett, 2000) can be calculated as:

R,, = RAFx DRF(V,)x cos(8)xU(h)x R, @y
Where Rwar is wind-driven rain intensity (mm), RAF is Rain Admittance Factor,
DRF(Vt) is Driving Rain Factor (1/Vt), @ is the angle of the wind to the wall’s normal, U(h)
is the wind speed at the height of interest (m/s), R is horizontal rainfall intensity (mm/hr.m?).

The driving rain factor (DRF) is a multiplicative inverse of terminal velocity. A droplet size,
the main parameter in terminal velocity calculation (Dingle and Lee, 1972), can be estimated
based on horizontal rain intensity (by Best 1950a).The last 3-terms on the right side of

equation 1,cos(@)xU(h)x R, , represent free-field wind-driven rain under the rain intensity

through a 1 m? area of the unobstructed vertical field.

Commonly, a median droplet size is used while employing the Straube and Burnett model. A
work by Cornick and Lacasse (2009) used the predominant raindrop diameter instead of the
median drop size. Using the predominant raindrop diameter provides a lower terminal velocity
and a higher WDR load (Van Den Bossche et al, 2013). A work by Van Den Bossche et al.
(2013) stresses the drawbacks of using single rain droplet diameter and their simulation work
shows using a median droplet in WDR calculation can introduce an error up to 20% as the
horizontal rain intensity increases.

In this study, the dependency of the Rain admittance factor (RAF) on rainfall intensity for
different orientations and elevations is examined. Based on the newly obtained RAF
coefficients, the effect of RAF values variation between the existing RAF calculation and the
proposed approach on hygrothermal performance of building enclosure is investigated.

WEATHER DATA ANALYSIS

In this study, fifty-seven months of weather data between January 2009 to September 2013
was collected at the BCIT’s Building Envelope Test Facility in Burnaby (BETF), British
Columbia, Canada. The horizontal rain intensity, vertical rain intensity, wind speed and
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directions are measured using a horizontal rain gauge, 15 wall rain gauges, and an
anemometer. The data is used to calculate the free-field wind-driven rain, the Driving Rain
Factor (DRF) and the Rain Admittance Factor (RAF) at different elevations and orientations.

An hourly data of horizontal rain, wind speed and direction is used to calculate the free-field
wind-driven rain using Equation 1. The weather data is categorized into classifications based
on rain intensity as class I (high horizontal rain intensity) and Class II (low horizontal
rainfall). The effect of small wind speed is found to be less significant in the computation of
RAF values, thus classifying the data based on wind speed is excluded in this paper. The
horizontal rain intensity of above 2mm/hr is classified as high rain intensity class.
Correspondingly, horizontal rain intensity below and equal to 2mm/hr is considered as low
rain intensity scenario. In order to accommodate the sensitivity of data sensors, rain intensity
and wind speed values below 0.lmm/hr and 0.5 m/s are unused. The vertical rain intensity
measured at different locations and orientations, as shown in Figure 1b, is used to find a semi-
empirical RAF value. Once the free-field wind-driven rain is calculated, the RAF values are
obtained as gradients of vertical rain intensity (the wind-driven rain) and the free-field wind-
driven rain.

Stucco
Air gap

Sheathing membrane

Plywood
Insulation
Vapour barrier

— Gypsum Board

a) b) 9)

Figure 1 a) a rain-screen wall system b) rain gauge locations and c) vertical rain gauge

SIMULATION DESIGN

In order to study how the rain intensity dependant RAF values affect the hygrothermal
performance of a building envelope, a WUFI simulation for rain screen wall system is
conducted. The indoor conditions of relative humidity and temperature are set using
ASHRAE 160P intermediate model.

As shown in Figure la, the components of the wall system are regular Portland Stucco which
is used as an exterior cladding, 10mm rain- screen air-gap, spun bonded olefin as a sheathing
membrane (as a second plane of protection from precipitation and water intrusion), plywood
sheathing board, 6 mil polyethylene sheet as a vapour and air barrier material, and gypsum
board as an interior finishing layer. The initial conditions of 20°C and 80% RH are used for all
wall component members and the simulation is run for two consecutive years.

RESULTS AND DISCUSSIONS

The rain dependant RAF values were computed using the collected data of horizontal rain
intensity, wind speed and direction and the wind-driven rain which is collected by vertical rain
gauges at different elevations and directions of the BCIT Building Envelope Test Facility
(BETF) walls. The horizontal and the vertical rain intensity values data used in this study are
measured from January 1%, 2009 to September 30", 2013. Figure 2 (a) shows the measured
horizontal rain and wind speed of the year 2009. The wind-driven rain collected by vertical
rain gauges on the South-East facing wall is shown in Figure2 (b). The selected elevations and
the directions for the rain gauges are top-center, mid- centre, top-corner and mid-corner points
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of the four walls of the BETF. This data is used to simulate the hygrothermal performance of
a rain screen wall located in Metro Vancouver.

(a)

(b)
Figure 2. One year measured data. a) Horizontal rain and wind speed, b) WDR at different
wall locations.

The horizontal rain intensity, the wind speed and direction data were used to calculate the
free-field wind-driven rain and the DRF. The RAF values at each wall rain gauge location
were determined by the slope of the plot of wind-driven rain intensity against the calculated
free-field wind-driven rain (Tariku et al. 2016). The RAF values at the different locations on
the walls are compared to the RAF values in literature and shown in Table 1.

Table 1. Calculated rain-dependent RAF and literature-based RAF values

Vertical Rain- Low rain High rain BSI EN 13013-3,
gauge locations Intensity  intensity 1997

Top Centre 0.23 0.32 0.5

Middle Centre 0.23 0.31 0.4

Top Corner 0.26 0.38 0.5

Mid Corner 0.33 0.37 0.4
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In order to study how this variation in RAF values affects the hygrothermal performance of
building envelope, two types of simulations are conducted. The first simulation is using the
measured variable RAF values based on the horizontal rainfall at the specific hour of interest.
Thus in this simulation when the horizontal rain intensity class changes so does the RAF
value used. In the second simulation category, the calculated constant RAF values are used.

Figure 3 shows the moisture content of the plywood sheathing board for a rain-screen wall
system on three locations. As can be seen in the figure, the moisture content values for the
Metro Vancouver weather data, the simulation based on constant RAF provides a lower
moisture content value throughout the simulation periods of all three locations. The
percentage difference of the water content of the plywood values between the two simulations
for the gauges locations of top-centre, mid centre and top-corner has reached up to 5.8%,
9.0% and 6.2% respectively. The schematic diagram shown in Figure 3d shows the rain gauge
locations used in the study.

(2) (b)

!\.2\.; T P P P ey o SR R, ST B T wwh%f-

[ e T

()
Figure 3. Water content of the plywood for constant and rain intensity dependant RAF values
at (a) top-centre (b) mid-centre and (c) top-corner
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Considering the above figure is moisture content values of a sheathing in a rain-screen wall
design with a moisture barrier, it can be deduced that the variation between the two models
can be pronounced in the absence of rain gap and prolonged time period.

CONCLUSIONS

In this study, the variation of the proposed approach’s RAF values from the existing literature
calculation method is studied and the variation’s effect on the hygrothermal performance of
rain screen wall system is examined. Results show that there is a direct relationship between
rain intensity and calculated RAF values. The total water content of the plywood sheathing for
wall systems with rain screen is simulated for both constant and rain intensity dependent RAF
values developed under this study. A percentage variation up to 9% is observed between the
new approach and constant RAF model for studied wall systems at different elevations. These
findings support the initial hypothesis of this study that applying a constant RAF value for any
rain load can affect the overall hygrothermal performance study of building enclosures.
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ABSTRACT

For hygrothermal simulations it is often advised to homogenize masonry wall constructions
into a 1D solid brick construction. This saves computational time, but it may lead to an
underestimation of moisture related risks. Some literature states that the impact of mortar is
negligible, but no specific attention was paid to historic masonries, which often have high
absorptive mortars (e.g. lime) and/or bricks. Hence, this study investigates the impact of the
interface resistance between brick and mortar, in relation to the properties of the adjacent
materials during absorption as well as under real climate conditions. As expected the impact
of interface resistances is more pronounced during an absorption test compared to under real
climate conditions. Nevertheless, due to the interface resistance, increased frost risks do arise
in a number of cases subjected to real climate conditions. The results are found to be highly
dependent of the climate, the sequence of rain and frost events, and the properties of the
adjacent materials. In conclusion, one can state that there can be an increased risk of frost
damage due to the effect of interface resistances in historic masonries. However, deriving
generic guidelines on the impact of these effects remains a challenge due to a high
dependency on climate and material parameters.

KEYWORDS
Interface resistance, HAM simulations, Masonries, Frost damage

INTRODUCTION

The hygrothermal response of porous materials has been studied and documented intensively.
(Pel, 1995; Kiinzel,1995; Grunewald,1997) These studies have led to an increased reliability
of risk assessment on building facades due to Heat, Air and Moisture (HAM) modelling
software. In these models it is often advised to homogenize masonry constructions from a
combination of mortar and bricks

to solid brickwork to simplify the

model and  thereby save

computational time (Dephin User

Manual, 2006; Vereecken et al,

2013). This approach raises 120sec 120sec

several questions. For instance . N . .
q > Figure 1. X-ray visualization of absorption in a brick/mortar

what “happens in the mortar, sample. Left: Hydraulic lime mortar, Right: cement mortar.

which represents in reality +/-  pegplye= Low/high moisture content. In collaboration with
20% of the masonry? UGCT.

To answer this question, Vereecken investigated the impact of the simplification in the article
‘Hygric performance of a massive masonry: How mortar joints influence the moisture
flux?’(Vereecken et al., 2013). This publication reported that for the investigated material
properties massive masonry constructions can be homogenised to a solid brick construction in
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perspective of HAM modelling. The statement is based on several simulations and
measurements on ceramic brick and cement mortar. However, it can be assumed that the
impact of mortars in historic constructions may be bigger, as mortars generally have higher
absorption coefficients in comparison to cement mortars. This is visualized by means of tests
with X-ray attenuation (Figure 1). It can be seen that the hydraulic lime mortar (often used in
historic constructions) serves as a capillary highway and humidifies the brick sideways, which
is not the case for the cement mortar. Due to these capillary highway, the moisture penetrates
deeper into the structure, which may perhaps increase the frost risk. In (Figure 1, left) it is
clear that the brick and the mortar influence each other’s moisture content over the interface
between them. Here the so called interface resistance (IR) will be decisive for the moisture
flux. From this visualisation it can be concluded that the potential impact of mortars and their
adjacent IR may be bigger for high absorptive mortars.

What is an IR between porous materials? Qui et al, 2003; Derluyn et al, 2011 and Guimaraes
et al, 2018 have listed several causes: a mismatch between the physical-chemical properties,
the pore network and the surface energy of both systems, the modification of the hygric
properties of the mortar and the transport of fine particles to the interface due to curing, the
creation of compaction pores near the interface, and cracking of the interface due to hygric
tensions.

The amount of research that addresses the impact of interface resistance (IR) between porous
media is limited (Qui et al, 2003; Derluyn et al., 2011). The order of magnitude of an IR
found by Derluyn et al, 2011 is between 0 and SE10 m/s. It must be noted that the highest IR
was found for the combination of a ceramic brick and cement mortar, for a sample where the
mortar was cured in contact with oven dried bricks. It can be discussed whether these values
derived by Qui and Derluyn are representative for the combination of ceramic brick and
hydraulic lime mortar. Next to that, to date the dependency of the IR on the moisture content
and flow direction is unknown. On the other hand, it can be argued that these results provide
at least an order of magnitude of the potential impact, which should suffice to indicate the
impact on the hygrothermal performance of masonry constructions. This study will therefore
proceed with adopting an IR of SE10 m/s. In preliminary simulations the IR was modified to
see the impact, and it showed that the presence of the IR is more important than its magnitude
in perspective of the amount of absorbed moisture.

Where does this interface resistance occur?

Figure 2. X-ray tomography, voxel size 90 um A) perpendicular section to the building facade with the
facade at the top side. B) parallel section to the building facade through the bed mortar. In collaboration
with UGCT and the Belgian Royal Institute for Cultural Heritage.
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With X-ray tomography a historic masonry core of a Flemish church was investigated to
visualise the interfaces between the pointing mortar, the bed mortar and the bricks. From the
images, shown in Figure 2, the following aspects can be deduced:

e pointing mortar — brick(A/B): very clear separation of materials, interface appears
fractured (+0.3mm).

e bed mortar — brick(A): very diverse interface; some places seem in perfect contact
whereas in other places cracks are visible. Around the interface the attenuation
changes. This may be the effect of a changed density/porosity at the interface (0-
0.5mm).

e pointing mortar — bed mortar: poor compaction of the pointing mortar results in a poor
contact.

To summarize, traditionally masonry constructions are homogenised in HAM simulations.
This seems to be a valid approach based on the state-of-the-art literature, but no specific
attention has been given yet to high absorptive mortars and interface resistances, which are as
shown in figure 2 on different ways present in historic constructions. This study aspires to
contribute to this understanding, in order to develop in depth guidelines for HAM simulations
for historic masonry constructions.

METHODOLOGY

First, six types of historic bricks commonly found in historic buildings in Belgium are
characterized by their density, capillary moisture content, absorption coefficient and vapor
diffusion resistance. The same is done for three historic mortars, based on replicas made from
contemporary raw materials.

Subsequently, some combinations of bricks and mortars were simulated in Delphin 5.9,
mimicking a simple absorption test. The section of the materials was based on the absorption
coefficients, extreme values are preferred to indicate clear but at the same time realistic
differences. The material functions (moisture retention curve, liquid water conductivity and
vapor permeability curve) were scaled based on the materials available in the software
database. As a reference, the materials used by Vereecken (ceramic brick/cement mortar)
were approximated as good as possible based on the available data and added to the
simulations.

In a third phase, simulations under realistic climate conditions (Essen, Bremerhaven and
Munich) were executed for four brick/mortar combinations and three types of interface
resistances. To investigate the impact of the interface resistances in the construction, a
combination of moisture saturation degree, freeze thaw cycles (FTC) and ice mass density
outputs were analyzed.

Based on the literature reported above and the X-ray tomography (Figure 2), three variations
on the interface resistances in the setups are simulated: 1) perfect hydraulic contact is assumed
(IR0), 2) an interface resistance of SE10 m/s is added at all interfaces between brick — mortar
(IR5), 3) on top of the IR’s in IRS an additional IR of SE10 m/s is added in the mortar at a
depth of 20mm from the surface, to represent poor contact between the pointing mortar and
the bed mortar (IRSPM).

RESULTS

Table 1 (the abbreviations represent brick type B_V: Veldovensteen (Dutch, literal
translation: Field oven stone), M_H: Hydraulic lime mortar, B_REF/M_REF: Reference
material from Vereecken Roels et al, 2013) shows the results of the material characterization
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for the materials which are used in the simulations. Generally, the absorption coefficients of
the historic bricks and mortars are higher than for the reference materials.

Table 1. Material properties bricks and mortars: Mean (Standard deviation)

Density Aw Ocap™ Pary™®* Mat. func. ***
[kg/m?] [kg/m2.s"] [m3/m?] [-] /

BV 1786 (87) 0.486 (0.237)  0.165 (0.058)  10.394 (3.652) ID 97

B REF 2087 0.116 0.130 24.79 ID 97

M H 1459 (31) 0.518 (0.033)  0.180 (0.016)  28.302 ID 718

M REF 1823 0.091 0.252 20.97 ID 717

*Capillary moisture content, **Vapor diffusion resistance, *** The material functions are scaled based
on the software database, the material ID is shown.

Absorption

From the normalized (based on capillary moisture content) absorption curves it is clear that
the absorption occurs in several linear phases (Figure 3). The number and transitions of these
phases depends on the obstructions the moisture front has to overcome. These obstruction can
be a low absorptive mortar (M_REF), an IR (IR5, IRSPM) or the top of the specimen. For
example Figure 3A shows the moisture content of B REF-M_H after 3.5 hours. At that point
in time the moisture front reaches location 1, where the IR and the mortar result in a decline of
the water absorption (point A). A similar observation can be made when the water front
reaches location 2 after 16h for the same configuration (3B). The large difference in the
absorption curves for high absorptive mortars (M_H) without (IR5) and with (IRSPM)
pointing mortar IR are due to reduced moisture buffering in the mortar. In cases with the low
absorptive reference mortar (M_REF) these difference are negligible.

Figure 3. Normalized absorption curves, ABC moisture saturation degree after 3.5h/16h/16h of
respectively BREF MH IR0/ BREF MH [R5/ BREF MH_IR5PM
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It is clear that in all cases the absorption is slowed down by the interface resistances,
especially in combination with high absorptive mortars, which could insinuate a decreased
frost damage risk. But is this also the case under real climate conditions?

Real climate conditions

For these simulations with realistic exterior climate conditions (Essen, Munich, Bremerhaven)
the same configuration as shown in Figure 3 (A) was used, except for the lime plaster of 10
mm, which was added to the interior side. The normalized average moisture mass density
reveals that the interface resistances affect the moisture distribution in the brickwork,
especially during rain events, as well as during the convective drying fase (Figure 4). The
interface resistances decreases the amount of absorbed water during a rain event due to a
reduced redistrubtion of the moisture in the masonry, and the drying potential shortly after the
rain event is increased as well. But in the second drying phase, indicated in figure 4 as zone a,
the drying potential is decreased due to the hampering of moiture redistribution which makes
the brickwork more vunerable to critical frost cycles for a longer period of time after a rain
event. To conclude the sequence of wetting and drying, and the trade-off between reducing
absorption and hampering drying yields a complex balance that is very sensitive to material
properties and boundary conditions.

In the analysis several effects of the interface resistances were found that induce increased
frost risks:

e moist trapped in the bed mortar behind the IR between a pointing mortar and a bed
mortar (Figure 4 A/B and zone a)

e generally a slight increase in of freeze thaw cycles due to a decreased redistribution
and drying, biggest impact for case B_V, M_H due to higher moisture contents deeper
in the construction

e reduced drying of the brick to the mortar due to the IR, especially in case of high
absorptive mortars (Figure 4 DEF, case B REF,M_H).

e reduced drying of the mortar to the brick, especially in case of high absorptive bricks
combined with a low absorptive mortar (Figure 4 G/H/I, case B_V, M_REF).

D

Figure 4 Normalized average moisture mass density during and after a rain event (Munich) based on
the capillary moisture content, A/B: Ice mass density for respectively BREF MH IR0/IR5PM at day
393.5 (Munich), D/E/F: cumulative critical FTC for respectively BREF MH IR0/IRS/IRSPM
(Munich) and G/H/I cumulative FTC for respectively BV_MREF IR0/IR5/IR5SPM (Bremerhaven)
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Despite the effects discribed above, it must be noted that the overal differences between 1RO,
IRS and IR5PM are limited for the combinations that were studied here.

The risk for mould growth at the interior surface was investigated as well, the IR seems to
have reduce the risk on mould growth in all cases. As expected, masonries with hydraulic
lime mortar are far more vulnerable to mold growth at the interior surface due to the capillary
highway effect discribed in (Figure 1).

CONCLUSIONS

Homogenisation of historic masonries whit lime mortars in HAM simulations can lead to an
underestimation of several risks. Therefore it is advised to avoid homogenisation if possible in
perspective of historic constructions.

Next to that, the described effects are found to be strongly dependent on several parameters
such as the sequencing of wetting/freezing and the properties of the adjacent materials which
hampers straight forward conclusions.

The impact on the moisture content of interface resistances in brickwork in real climate
conditions seems rather limited compared to absorption tests. Therefore it is plausible that IR
can be neglected but further validation of the reliabliltity of this approach should be made.
Follow up research is planned to validate the IR between historic matrials more in depth based
on CT(computerized tomography).

Due to the large number of uncertainties and highly sensitive trade-off between wetting and
drying effects, additional research should also further investigate what the impact is of the
variation in the material properties (pointing mortars, bed mortars and bricks), the interface
resistances, and the climate conditions.
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ABSTRACT

Water that enters the drainage cavity of a rain screen wall assembly through deficiencies in
the cladding will either be drained or retained by absorption or adhesion on the drainage
surfaces. The objective of this study is to gain insight into the different factors that affect the
quantity of water drained or retained in a drainage cavity. Drainage tests have been conducted
for water flowing between two vertical polycarbonate plates with different gap widths to
determine the effect on the drainage rate. Tests showed that even small cavities with a width
of 1 mm can already drain more water than the amount that would enter the cavity during a
rain event. Experiments were performed to determine the contact angle of water on a range of
different sheathing materials such as asphalt saturated building paper, spun-bonded
polyethylene wrap and cross-woven polyolefin wrap by the use of an optical goniometer.
Drainage tests have been conducted for different combinations of these materials to quantify
the effect of surface energy on the drainage rate. A larger contact angle results in a smaller
quantity of water retained during the drainage test. These tests result in a retained portion of
water and a drainage rate for different combinations of materials. The retained portion of
water may be considered as a moisture load applied to the outer-most layer of the wall
assembly’s back-up wall in hygrothermal simulations.

KEYWORDS
Water drainage, small drainage cavities, contact angle, retention

INTRODUCTION

Rain screen wall systems or drained wall assemblies are commonly used to reduce the risk for
moisture damage due to rain penetration behind the cladding. If openings or deficiencies are
present in the cladding, raindrops may penetrate and enter the drainage cavity during a rain
event. Most of the water that enters the drainage cavity will flow down along one of the
drainage surfaces or between both as singular droplets, rivulets or multiple streams resulting
in a film flow. Also some droplets may be retained in the cavity depending on the surface
energy of the materials that define the drainage cavity, the gap width and the initial velocity
and volume of the droplets entering the drainage cavity. Accurate knowledge of the retained
portion of water is important given that in undertaking hygrothermal and durability analyses,
it is considered to be the moisture load applied to the outer-most layer of the wall assembly’s
back-up wall. According to the Swedish SP Certification Rules no. 021, the quantity of
retained water in drained facades should be determined by tests and be applied as input for
hygrothermal simulations according to EN 15026 (SP Certification, 2009; Kiinzel et al.,
2008).

Several detailed studies have been completed on film flow dynamics both in the laboratory or
by numerical and analytical modelling (Ambrosini et al., 2002). Experimental studies have
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been undertaken to investigate the transition from falling film flow to rivulet flow (Martin et
al., 2015), rivulet geometry (McCreery et al., 2007) and the transition from laminar to
meandering flow on both a single surface (Le Grand-Piteira, 2006) and between two planes
(Drenckhan, 2004). As well, the retention of droplets has been studied (ElISherbini and Jacobi,
2006). Research on film flow dynamics has been conducted within the field of chemistry to
improve applications such as heat exchangers, the field of geophysics to gain insight into the
transport of contaminants in the Earth’s substructure (McCreery et al. 2007) or within the
field of building engineering mainly focusing on water runoff on a building facade due to
wind driven rain (Blocken and Carmeliet, 2012; Van Den Bossche et al., 2015). Research
concerning water flow and retention of water in wall drainage cavities however is very
limited. Straube and Smegal (2007) performed drainage tests to obtain a better understanding
of the drainage capacity in wall cavities given that, as it was stated by Onysko et al. (2007),
even when hydrophobic materials are applied not all injected water drains out from the cavity.
Drainage tests of smooth non-absorptive materials showed that a drainage gap of 1 mm
between two stiff acrylic sheets (23-25 g/m?) stored less water than a single acrylic sheet (65
g/m?). Additionally, spray tests on a polyethylene sheet (35 g/m?) showed a smaller quantity
of retained water compared to an acrylic sheet (65 g/m?) which is likely due to the increased
hydrophobicity of the polyethylene as compared to the acrylic sheet. It was concluded that
several wall assemblies even those having small gaps (< 1 mm) could drain more water than
would ever enter the drainage cavity during a rain event as drainage rates exceeded 1 I/min.m.
Given that wind driven rain loads on buildings seldom exceed 2 1/m?.h, and infiltration rates
are typically between 1% up to 10%, it can easily be assumed that the accumulated drainage
rate, even for tall buildings, will never exceed 1 I/min/m. Blocken and Carmeliet (2006)
performed an experimental study on different vertical surfaces (PVC, PMMA, PTFE, glass,
glass with hydrophilic coating and glass with hydrophobic coating) to evaluate the impact of
contact angle on the quantity of adhered water. Although it is often assumed that hydrophobic
vertical surfaces promote drop run-off and therefore show less adhered water, no clear relation
between the contact angle measurements and the quantity of adhesion water could be found.

To gain a better understanding of the parameters that affect drainage and retention in wall
assemblies, an experimental research program was carried out. The objective of this research
program was to evaluate the impact of the drainage cavity width and the surface
characteristics of the drainage surfaces on the amount of water that is retained within the
cavity. This program and the results derived from the work are described in detail in this

paper.

METHODS

Drainage tests were conducted for water flowing down between two parallel vertical
polycarbonate (PC) plates (609.6 x 609.6 mm). Gap widths of 0.99 mm, 1.96 mm, 3.12 mm
and 4.84 mm (£ 0.01 mm) were defined by use of spacers inserted between the PC plates at
both vertical edges. A copper tube was installed on top of the test setup and aligned with the
position of the rear PC plate. The tube contained 16 evenly spaced openings of 0.5 mm
diameter located every 12.7 mm along its length; this arrangement provided an evenly
distributed water deposition rate across the drainage cavity. A gutter located beneath the PC
plates collected the drained water. To introduce a water flow, a peristaltic pump (Stenner
Pumps 85 pump series) was connected to the copper water deposition tube by means of a
flexible plastic tube. An average flow rate of 0.769 + 0.002 I/min.m was applied during 3
cycles of 10 minutes and water deposition was evenly distributed over 16 openings in the
copper tube. Both the mass of water that flowed through the pump and the mass of drained
water were weighed with an accuracy of 0.1 g. By subtracting the mass drained from that

92



7th International Building Physics Conference, IBPC2018

deposited, the mass of retained water in the cavity could be calculated for each setup. Before
each experiment, the pump was turned on for a few minutes in order to reach a steady state for
the water content of all tubes both before and after the experiment.

Figure 1: Test setup

Additionally, the drainage capacity of different commonly used sheathing membranes was
evaluated. The sheathing membranes were taped onto the PC plate at the back of the test setup
with a cavity width of 1.96 mm by means of two vertical strips of double-sided tape (350 mm
o.c.). The same procedure as described above was applied to obtain the drainage
characteristics of the sheathing membranes. To evaluate the impact of the surface
characteristics of the plates or the sheathing membrane on the retention of water in the cavity,
the contact angle of a distilled water drop on the different sheathing membranes was measured
by means of a goniometer (Ramé Hart model 100-00-115). The optical sessile-drop method
was applied to determine the static, advancing and receding contact angle. The reported values
are the average of 8 contact angle measurements of different locations on the sample; these
are in Table 1.

RESULTS
As water drops flow down, they leave behind smaller droplets, i.e. trace droplets. The impact
of gap width on the volume of these trace droplets is evaluated by introducing water flow in
between two PC sheets with different gap widths. During the test, the amount of water added
to the drainage gap and the drained amount was measured and the retained portion is
calculated. Results for the different gap widths and a single sheet are shown in Figure 2a).
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Figure 2: Drainage tests on PC a) Retention during test, b) Retention during test and after
drainage has finished per m?

These measurements show that a steady-state is achieved after less than 100 seconds for all
gap widths. Small peaks are visible which represent the droplets injected to the cavity from
discharge of the copper tube. For gaps of 3 and 5 mm a larger variation is visible due to a
smaller relative impact of forces due to surface tension compared to gaps of 1 and 2 mm
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which causes larger deviation of the flow of drops after collision with other drops along their
downward path. As a results, a larger wetted area is achieved for larger gap widths, i.e. the
wetted area of the test setup with a 5 mm gap is 11.51% larger compared to the 1 mm gap.
Figure 2b) shows the average amount of water retained per m? during the test including
droplets adhered to the plate and drops flowing downwards. The error bars represent the
minimum and maximum values. Additionally shown in Figure 2b) is the amount of water
retained per m? after drainage has finished, i.e. the number of water droplets adhered to the PC
plates. The latter was based on pictures captured after the test, assuming that the volume of
the trace droplet is half a sphere (Blocken and Carmeliet, 2006). The amount of trace droplets
and the average base area was measured at different locations of the test setup as it was
observed that values at the top of the setup differed from values at the bottom. The error bars
show the standard deviation of the retained amount of water based on three different
experiments for each gap width. The graph illustrates that for an increasing gap width, an
increasing amount of water was retained in the gap both during flow and after drainage. The
retained volume during the test for a gap width of 2 mm was similar to the retained volume in
a gap of 1 mm. However, it should be noted that this value also includes the capillary retained
portion at the bottom of the test setup which was significantly larger for the 1 mm gap (3.3 g)
compared to the 2 mm gap (< 1 g). The increasing amount of retained water for an increasing
gap width was mainly due to an increasing amount of drops per m?. The average drop base
area ranged from 1.155 £ 0.045 mm? for a 2 mm gap to 1.300 + 0.108 mm? for a 5 mm gap.
Only the average base area of the trace droplets of the | mm gap was significantly smaller, i.e.
0.563 £ 0.044 mm?®. The vertical spacing between the drops ranged from 3 — 5 mm. It was
visually observed that most of the drops adhered only to one of the plates. Only some drops
were retained between both plates for the 1 mm gap.

The same measurements were conducted for test setups with a 2 mm gap and a sheathing
membrane adhered to the back plate of the setup thus permitting evaluating the importance of

membrane contact angle and surface roughness on retained water.

Table 1. Contact angles distilled water on sheathing membranes

No. Sample Description Oc, static Oc, advancing 0c, receding
0 Polycarbonate 79.1+1.5 833+£1.5 487+ 1.5
1 Cross-woven polyolefin wrap 77.7+5.8 85.1+4.0 50.8 +4.7
2 Spun-bonded polyethylene, grooved 84.2+4.0 88.4+£1.8 573+3.6
3 Spun-bonded polyethylene, continuous 90.4+2.1 96.5+3.3 73.1+£2.7
4 Asphalt saturated Kraft building paper 1054+ 6.4 111.3+2.1 749+2.1

a)

b)

Figure 3: Drainage tests on sheathing membranes a) Water retained during test, b) Water
retained during test and after drainage had finished per m?
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Figure 3a) shows the retained amount of water in the cavity as a function of time for the
different sheathing membranes tested. For all sheathing membranes a steady-state is reached
as for the PC plates with small peaks. However, a larger variation about the average value is
apparent due to the surface roughness which causes deviation of the flow of drops and a
difference in wetted area (woven pattern of sample 1, grooves of sample 2, ink on sample 3,
bulging of sample 4). Sample 4 shows the largest wetted area (0.323 m?) with an increase of
12.5% compared to the setup with two PC plates. The building paper, due to water absorption,
bulges that in turn causes locally reduced thickness of the gap width. As a result, drops will
not flow in a straight downward path but will follow the path of smallest resistance in between
the bulged areas. Sample 1 on the other hand shows the smallest wetted area (0.248 m?) which
is 7.8% smaller than the wetted area of the PC. Due to the vertical threads of the sheathing
membrane, the deviation of drops from their downward path is significantly less compared to
drops flowing down, e.g. over sample 4 that were affected by the bulged areas on their way
down. By comparing the average retention during the test for the different sheathing
membranes (Figure 3b), it can be stated that the quantity of retained water decreased for
increasing contact angle. The error bars of the measurements during flow represent the
minimum and maximum values. After drainage had finished this trend was less apparent. The
largest amount of retained water was measured for sample 2 and 4. The surface of sample 2
contained grooves resulting in locally reduced thickness of the gap width (< 1 mm) which
caused capillary retention at the top portion of the grooves. Locally reduced gap width is also
observed for sample 4 due to bulging of the building paper resulting in a larger amount of
retention. The larger contact angle of sample 3 (B¢, static 90.4 £ 2.1) compared to polycarbonate
(Oc, stic 79.1 £ 1.5), results in a smaller drop base area as well as fewer drops per mm?. In
contrast, sample 1 had a contact angle similar to polycarbonate but the number of drops per
mm? was larger. This is also apparent when the vertical spacing between the drops is
compared (PC: 4.27 £ 0.29 mm; S1: 3.41 + 0.32 mm). This is caused by the woven pattern of
the sheathing membrane resulting in trace droplets every other thread.

DISCUSSIONS AND CONCLUSIONS

Drainage tests performed on two polycarbonate plates with different gap widths, showed that
smaller quantities of water are retained in the cavity for gap widths of 2 mm and 1 mm
compared to the retained quantity on a single sheet or in a gap of 3 and 5 mm. This confirms
the results found by Straube and Smegal (2007) who stated that a drainage gap of 1 mm
between two acrylic sheets stored less water than a single acrylic sheet. Further analysis
should reveal whether this can also be stated for gaps smaller than 1 mm as more water drops
will presumably be retained between both plates as a result of larger quantities of capillary
retained water. The average base area and consequently the trace drop diameter differed over
the area of the setup. This is in contrast with the observations of Blocken and Carmeliet
(2006) who stated that the base diameter was fixed. This is probably due to a different method
of adding water to the test setup, i.e. spraying of water onto the vertical sheet or water drops
flowing downwards only from the top of the setup. De Vogelaere and Pacco (2012) developed
a numerical model at Ghent University to simulate runoff patterns on building facades. By use
of a micro model, a simulation was conducted of the cumulated runoff volume on a PMMA
surface over time. The shape of the resulting graph is very similar to the graphs obtained from
the experiments in this paper including a steady-state with small peaks achieved after less than
100 seconds. Further analysis should be carried out to confirm the results of the simulation
model.

Drainage test were also performed for different sheathing membranes. These tests showed that
the quantity of water in the gap between the polycarbonate plate and the sheathing membrane
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during water flow depends on the contact angle of the sheathing membrane. After drainage
has finished, this is however less apparent. As stated by Blocken and Carmeliet (2006) not all
retained water is present in the gap as single drops, but also some portion is retained in
between the PC plate and the membrane due to locally reduced thickness of the gap. Future
research should include a broader range of contact angles and smooth surfaces as it was
observed that the presence of grooves and threads affects the quantity of retained water and
the size of the wetted area.

Overall, measurements showed that less than 0.5 % of water added over the course of the test
(+/- 4.8 1) was retained in between the plates or on a single sheet both during water flow and
after drainage has finished. Future research will focus on the development of a drainage model
to predict the drainage capacity required for a drainage gap in function of the applied
materials and gap width necessary to prevent the build-up of hydrostatic pressure which may
cause water to penetrate further into the wall assembly.
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ABSTRACT

The harsh Norwegian climate requires buildings designed according to high standards. The
airtightness of the building envelope is crucial to attain an energy efficient building and to
avoid moisture problems. A considerable part of building defects registered in the SINTEF
Building defects archive are related to leakages through door sills especially in combination
with balconies.

The aim of the study has been to examine the rain tightness of the joint below door sills. A
laboratory investigation using a driving rain cabined according to EN 1027 has been
conducted to provide answers to the matter. In total 14 different test were conducted. Two
different sills were included, both a traditional "high" sill and a "lower" handicap-sill. Two
different underlays for the sill were included in the investigation. In addition, 3 different
heights of the joint-sealing below the sill were chosen (0, 5 and 10 mm). All the tests except
two were performed with silicon as joint sealant material.

It was found that the workmanship of the joint-sealing was challenging due to the geometry of
the detail. Even if the silicon sealant was carefully applied, voids between the sealant and door
sill were found when inspecting closely. When improving the faults, the test showed that the
joints was tight. 11 of the 14 tests showed no water leakages at 600 Pa pressure difference.
However, leakages were observed at lower pressure differences for the sills with no silicon
sealing and for the configurations where there were faults in the silicon sealing.

The laboratory study revealed that the joint below the door sill is vulnerable to small mistakes
in the workmanship. Given a carefully application and control of the silicon sealing it is
possible to achieve a high water tightness performance. However, improvements to the
sealing detail is needed to further increase the robustness of the detail.

KEYWORDS
Laboratory investigation, Driving rain, Door sill

INTRODUCTION

Norway is characterized by an extremely varied climate, the rugged topography and long
coastline being one of the main reasons for large local differences over short distances and
extreme seasonal variations (O'Brien et al., 2004). The climate puts a great demand on the
building envelope of Norwegian buildings. The building envelope may be exposed to severe
winds, snow loads, precipitation, freeze/thaw cycles, and rather large temperature fluctuations.
The Norwegian report "Climate in Norway 2100" is an updated scientific base for climate
adaptation in Norway (Bauer et al., 2015). By assuming a further increase in the greenhouse
gas emissions, the climate scenarios show an increase in the yearly precipitation by 10-20 %
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depending on the climatic model used. Heavy showers will occur more frequently and rainfall
flood become more powerful and occur more often.

Increased precipitation is also affecting the strain from wind-driven rain. Wind-driven rain is
one of the most important moisture sources affecting the hygrothermal performance and the
durability of building facades (Blocken and Carmeliet, 2012; 2004). Measures to adapt the
built environment to the anticipated climate changes were studied by Lise (2006). Lisg
stresses the immediate need for information and research with respect to vulnerably in the
built environment and technical solutions. This to prevent or minimize negative climatic
impacts on buildings.

The SINTEF Building Research design guidelines recommends a rain tightness performance
of the wind barrier of minimum 300 Pa (SINTEF, 2007). Skogstad et al. (2011) performed
laboratory testing of the rain tightness of wind barriers and sealing around windows. The tests
were performed with a pressure difference ranging from 0-600 Pa. Sealing compound of
acrylic was found to be rain tight at 100 Pa pressure difference.

Both the Norwegian planning and building legislation (TEK) and the Equality and Anti-
Discrimination Act (Lovdata, 2018) dictates that housings should be available for all people.
This entails the need for level door sills which can easily be crossed by wheelchairs. As a
result, the height of door sills must not exceed 25 mm. This applies to the height difference
between the interior floor and the top of the door sills, as well as the difference in height
between outdoor surfaces and the top of the door threshold. Hence, these solutions require
level interior and exterior surfaces. This increases the risk for static pressure of water as well
as presence of snow and freeze/thaw cycles in front of the sill. A robust solution is proposed
in the SINTEF Building Research Design Guidelines which includes a gutter in front of the
door to direct the water away from the detail (as seen in Figure 1). However, this solution is
costly due to material and time use.

Air-tightening of the sill detail

\

Figure 1. Level door details from the SINTEF Building Research design guidelines 523.731
(SINTEF, 2010).

The purpose of the study has been to examine the rain tightness of the joint below the door
sill. A laboratory investigation using a driving rain cabined has been conducted to provide
answers to the matter. Tests have been carried out according to EN 1027 (Standard Norge
2016). In total 14 different test sections were tested. Two different sills were included; a
traditional "high" sill and a "lower" handicap-sill. Two different underlays (wood and radon-
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membrane) for the sill were included in the investigation. In addition, 3 different heights of
the joint below the sill were tested (0, 5 and 10 mm). All the tests except two were performed
with silicon as the joint sealant material. The remaining were sealed with no use of sealant.

METHOD

Test method

The water tightness was tested in accordance with EN 1027 Windows and doors Water
tightness Test method, method 14 — static pressure (Standard Norge, 2016). The method is
designed to determine the water tightness of completely assembled windows and doors. It is
also suitable to determine the water tightness of wall sections. Inside the test chamber a
controlled static pressure can be applied across the specimen and a nozzle system can apply a
continuous regularly dispersed film of water all over the surface of the test section. The water
is sprayed by nozzles at an angle of 84° onto the test section at a rate of approximately 2 I/min
per nozzle. The test begins with 15 minutes of water application before a static pressure is
established over the test section. The water tightness are tested with 5 minute intervals at
pressure differences of 50, 100, 150, 200, 250, 300, 450 and 600 Pa. The penetration of water
is observed visually during the testing. Location, point in time and pressure is continuously
registered during the tests.

Figure 3. Test equipment for testing according to EN 1027. (left) nozzle system. (right) an
example of a door mounted in the apparatus.

Design of the specimens

Testing of a worst-case scenario with no exterior flashings and gutters gives conservative
results. Hence, test specimens were designed by fixing the door sill to a wood sill or a radon
membrane with three different joint heights, see Figure 4, 5 and 6. Six of the specimens were
designed with a radon membrane between the door sill and the wood sill. A foam gasket was
positioned into the joint as a backing material for the compound sealant. The joint was then
sealed with silicon compound exterior to the gasket. The sealing of the test samples were
carried out as close to a real-life situation for application as possible. The test specimens were
positioned on the floor when applying the silicon compound.
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Figure 4. Design of the test specimen.

Figure 5. Standard door sill. Figure 6. Handicap door sill.

RESULTS

Challenges related to the workmanship of the application of the silicon compound was
encountered even in a controlled laboratory environment and when carried out by qualified
craftsmen. When applying the sealing compound as carefully as possible (see Figure 7), small
faults were found by close inspection, as seen in Figure 8.

Figure 7. Application of silicon compound. Figure 8. Small defects in the silicon
compound was found by closer inspection.
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Visual inspections of the specimens were carried out during the tests. The location of leakages
occurring at given air pressure differences were registered during tests. It was not practically
feasible to register the amounts of the water leakages. Test results are shown in Table 1.

Table 1. Results from the driving rain measurements.

Without sealing 0 mm 0 mm 5 mm 10 mm
HC without radon Leakages at 50 Pa No leakages  No leakages  No leakages
HC with radon No leakages  No leakages  No leakages
Regular without radon Leakages at 250 Pa No leakages  No leakages  Leakages at 0 Pa
Regular with radon No leakages  No leakages = No leakages

DISCUSSIONS

Based on the performed tests it is possible to evaluate the resistance of water penetration
through the door sill structure. Laboratory testing is carried out under controlled conditions
and does not represent the variation in building materials and workmanship as it would be on
a building site.

The workmanship of the sealing of the joint was challenging due to the geometry of the detail.
Even if the silicon sealant was carefully applied, voids between the silicon sealant and the
door sill were found when inspecting closely. When improving the faults, the test showed that
the joints were surprisingly tight. Most of the tests showed no water leakages at 600 Pa
pressure difference. According to the SINTEF Building Research design guidelines this is
high performance. However, leakages were observed at lower pressure difference for the sills
with no silicon sealing and at faults in the silicon sealing. This indicates that the detail is
vulnerable and that great care should be taken when applying the silicon sealant. The
performance of the sealed joint is depending on the workmanship of the craftsmen. In order to
further improve the robustness of the detail there is a need to introduce sealing methods which
ensure high performance more independently of workmanship.

The handicap sill with sealing compound was found to be watertight at 600 Pa. Without
sealing compound water leakages were registered at 50 Pa pressure difference. High
performance was also found for the regular door sill except for the 10 mm joint height without
radon membrane where water leakages was observed at 0 Pa pressure difference. By closer
inspection it was observed that the water leakage was caused by small imperfections in the
sealing compound. Based on the measurement campaign we were not able to reveal any
difference between underlay of wood and underlay of radon membrane indicating that the
silicon sealant had sufficient adhesion between the door sill and radon membrane.

CONCLUSIONS

A laboratory study was conducted in order to examine the rain tightness of the joint below a
door sill. Most of the tests showed no water leakages at 600 Pa pressure difference. Given a
careful application and control of the silicon sealing it is possible to achieve high water
tightness performance However, the laboratory study revealed that the joint below the door
sill is vulnerable to small mistakes in the workmanship. To further improve the robustness of
the detail an improved sealing method is needed.
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ABSTRACT

Water transport in masonry walls composed of bricks and mortar joints can be strongly
affected by the interface between brick and mortar. In this study, water uptake experiments
and numerical simulations are performed to study the effect of interface resistance on
moisture transport in masonry samples with horizontal and vertical interfaces. Neutron
radiography is used to measure moisture content distribution in different masonry samples.
An interface resistance is introduced to consider the imperfect contact between brick and
mortar in the numerical model. A good agreement between measured and simulated moisture
contents is found for different masonry samples. The orientation, horizontal or vertical, of the
interface between brick and mortar has no influence on the value of the interface resistance.
However we found that the interface resistance is affected by capillary pressure at the
interface. A lower capillary pressure at the interface leads to a larger interface resistance.

KEYWORDS
Masonry, interface resistance, neutron imaging, capillary moisture transport

INTRODUCTION

Liquid water transport in single materials such as masonry, brick or mortar, is well understood
and explained with capillary transport theory. However, moisture transport in masonry walls
composed of bricks and mortar joints deviates from what is expected from the capillary
transport theory. Many researchers attribute the deviation to the imperfect contact and hence
the interface resistance at the brick/mortar interface (Qiu et al. 2003, Derluyn et al. 2011,
Janssen et al. 2012, Delgado et al. 2016), while some attribute the deviation to a change of the
moisture properties of the mortar joint, compared to bulk mortar (Brocken 1998).
Nevertheless, most numerical hygrothermal models still use the assumption of perfect
hydraulic contact at the brick and mortar interface (Zhou et al. 2016). It is unclear how the
interface resistance affects the hygrothermal performance of masonry walls. Moisture flow
across the brick/mortar interface needs to be accurately quantified in order to better
understand moisture transport in masonry.

The masonry samples used in previous studies on interface effects are quite simplified (Qiu et
al. 2003, Derluyn et al. 2011, Delgado et al. 2016). The samples normally consist of a layer of
brick, a layer of mortar, and a second layer of brick, where only horizontal interface exists
between brick and mortar joint. By comparison, masonry is much more complex than this in
reality. There are both horizontal and vertical interfaces between brick and mortar in masonry.
The effect of interface resistance on moisture transport in such complex geometry is not yet
studied.
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The objective of this study is to understand capillary water transport in masonry with
horizontal and vertical joints. Neutron radiography is used to measure moisture content
distribution. Numerical model is used to study capillary moisture transport and to obtain the
interface resistance at different brick/mortar interfaces. The effect of horizontal and vertical
interfaces on moisture transport is described.

METHODS

Four masonry samples with horizontal and vertical interfaces between brick and mortar are
used for capillary water uptake experiment. Two of them are shown in Figure 1. The type of
brick is kiln-fired clay brick. Portland cement mortar is used for making mortar joints. The
sand grain size in the mortar ranges between 0.1 and 3 mm. The water-cement ratio is 0.16.
The masonry samples are made by joining wet bricks with fresh mortar. Then the masonry
samples are covered with vapor tight sheeting for 72 h for initial curing. Afterwards, the
plastic sheeting is removed and the masonry samples are let to be cured for 28 days at room
condition. Given the power of the neutron beam, the thickness of all the masonry samples is 1
cm. Neutron radiography, a non-destructive imaging technique that uses thermal neutrons to
probe the sample, is used to measure the time- and space-resolved moisture content
distribution in different masonry samples. The experiments were performed at the NEUTRA
(Neutron Transmission Radiography) beamline at PSI (Paul Scherrer Institute) in Villigen,
Switzerland. The neutron beam passing through the experimental sample is recorded by a
detector system. The detector system consists of a scintillator screen with a CCD camera. The
CCD camera has a field of view of 254 x 214 mm®. The pixel size is 0.196 x 0.196 mm®. The
exposure time in the experiments was 20 s per radiography.

Figure 1. Two masonry samples for water uptake experiments showing the four types of
interface (A, B, C and D) considered in this study.

The masonry samples are initially dried in an oven at 60 °C before capillary water uptake
experiments. The experimental setup consists of a balance, a support for the samples that rests
on the balance and a water reservoir. The sample is first installed on the support. Next, the
water surface in the reservoir is brought up to the bottom of the masonry sample and then
capillary water uptake starts. The mass of the experimental sample is measured at the start and
end of each on a separated balance, as well as during the experiment with the balance in the
experimental setup at an interval of 12 s.

The governing equation for 2-dimensional isothermal moisture transport in masonry is
described by Richards equation:

owap. 0 P, 0 P |_ 1
e (UG oy (VNG YR n

where Wis the moisture content (kg/m?), p. is the capillary pressure (Pa), K(p,)is the liquid
permeability (s), which is a function of capillary pressure. At the interface between mortar and
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brick, an interface resistance R (s/m) is introduced. Moisture flow across the interface is

described by: ¢ = Ap, , where Ap_ is the capillary pressure difference between the interface
’ R

(Pa). At the bottom side of the masonry samples, a constant capillary pressure of -10 Pa is
applied to represent capillary saturated condition. The capillary pressure curves of brick and
mortar are described using a bimodal function of the van Genuchten model. The liquid
permeability of the brick is determined based on the method proposed by Carmeliet et al.
(2004). The moisture transport equation is solved using the finite element simulation program
COMSOL. Rectangular meshes are used to discretize the geometric domain. More meshes are
mapped around brick/mortar interface and the lower part of the domain. The COMSOL solver
used is the direct solver MUMPS with its default solver options. Numerical time steps are
automatically selected by the COMSOL solver.

The interface resistance is obtained by comparing simulated moisture profile results with
measured moisture profile results. Only interfaces below the wetting front are considered for
numerical simulation in this study. There are four types of interface between brick and mortar
that affects moisture distribution in this study (Figure 1). Interface A is the horizontal
interface between the first layer of brick and the second layer which is mortar. Interface B is
the horizontal interface between this second layer, i.e. of mortar, and the third layer, i.e. of
brick. Interface C is the vertical interface between two first layers, of brick and of mortar.
Interface D is the horizontal interface between a first layer of mortar and a second layer of
brick. Moisture transport in the two samples shows symmetric behavior. For sample (a), two
profiles in the right part (profile I and II in Figure 1a) are selected for comparison. For sample
(b), two profiles in the right part of this sample (profile III and IV in Figure 1b) are selected.

RESULTS

The moisture content distribution in the uptake experiment in sample (a) is given in Figure 2.
The advance of wetting front is symmetric with respect to the middle of the sample. At the
time of 409 s, the wetting front in the first layer of brick reaches the top of the brick element.
By comparison, the wetting front in the two vertical mortar joints in the first layer shows an
inverted bell curve. The wetting front reaches a higher height at the two edges of the mortar
joints, while the middle part of the mortar joint shows the lowest height of wetting front. The
higher wetting front at the two edges of the mortar is due to moisture transport from the
surrounding bricks. At the time of 1525 s, the wetting front is already in the horizontal mortar
joint above the first layer of brick, whereas the wetting front shows a shape of inverted
triangle in the two vertical mortar joints. At the time of 10027 s, the wetting front is highest in
the vertical mortar joint, in the third layer of the sample.

Figure 2. Moisture content distributions in sample (a) at different times.
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The moisture content distribution in the uptake experiment in sample (b) is given in Figure 3.
As the first layer of the sample is made of mortar, the advance of wetting front is very slow in
this sample. For example, at the time of 5012 s, the wetting front only reaches the height of 1
cm. The wetting front shows an almost uniform distribution in the first layer of mortar joint.
By comparison, at the time of 10026 s, the wetting front is higher at the location of the two
vertical mortar joints than in the brick.

Figure 3. Moisture content distributions in sample (b) at different times

Figures 4 and 5 shows the comparison between simulated and measured moisture profiles in
samples (a) and (b). In general, the simulated moisture content profiles agree mostly well with
the simulated moisture content profiles. Not only the simulated locations of wetting front
agree well with measurements, but also the simulated moisture contents at different locations
agree well with the measured moisture contents. However, there are some disagreements
between measurement and simulation at some profiles. This might be due to material
heterogeneity. In the numerical model, the same brick and mortar material properties are used
for each sample. In reality, the material properties of brick and mortar might be slightly
different.

The obtained interface resistances for the four types of interface A, B, C and D are: 8.0x10°,
5.0x10"% 4.0x10° and 20.0x10° m/s. A larger value of interface resistance means a larger
capillary pressure drop across the interface and a smaller moisture flux across the interface.

Figure 4 Measured and simulated moisture contents at profiles I and II for sample (a).
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Figure 5 Measured and simulated moisture contents at profiles IIT and IV for sample (b).

DISCUSSIONS

Based on the results presented above, we propose that the interface resistance may be
dependent on capillary pressure at the interface between two materials. A lower capillary
pressure at the interface will lead to a larger interface resistance. Interface B has the largest
interface resistance. The capillary pressure at Interface B is much lower than at the other types
of interface. On the one hand, Interface B is at a higher location above two layers, i.e. of brick
and mortar. There is already a large capillary drop when moisture reaches Interface B by
capillary transport. On the other hand, the interface resistance at Interface A leads to an
additional capillary pressure drop.

The interface resistance at Interface C (4.0x10° s/m) is slightly smaller than that at Interface A
(8.0x10° s/m). Interface A is a horizontal interface between the first layer of brick and the
second layer of mortar, whereas Interface C is a vertical interface between brick and mortar in
the first layer. When wetting front reaches Interface A, there is already some capillary
pressure drop. By comparison, Interface C is along the direction of moisture transport.
Capillary pressure at lower location is larger than at higher location. The top location of
Interface C is the same as that of Interface A. Therefore, the capillary pressure at Interface A
is definitely larger than that at Interface C. The obtained interface resistance at Interface C is
the averaged value along this interface. Due to higher capillary pressure at the interface, the
interface resistance Interface C is smaller than that at Interface A. There are both horizontal
and vertical interfaces between brick and mortar in masonry. Compared to the flow, the
magnitude of interface resistance does not seem to be affected by the direction of interface.
Instead, the interface resistance is apparently related to capillary pressure during wetting at the
interface. The larger the capillary pressure, the smaller the interface resistance at the interface.
The datasets offer more result, which will be studied in the next phase.

CONCLUSIONS

Different masonry samples with horizontal and vertical interfaces are used to study the
resistance to moisture transport across the brick/mortar interface. Neutron radiography is used
to measure the time- and space-resolved moisture content distribution in different masonry
samples. A 2-dimensional moisture transport model is built to study moisture transport in
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masonry samples. An interface resistance is introduced to consider the imperfect contact
between brick and mortar. There is very good agreement between measured and simulated
moisture contents for different masonry samples. Compared to the flow, the magnitude of
interface resistance is not affected by the direction of interface. Horizontal interface or vertical
interface between brick and mortar has no influence on the value of interface resistance. It is
found that interface resistance seems to be affected by the capillary pressure at the interface,
and not by the orientation of the interface. A lower capillary pressure at the interface will lead
to a larger interface resistance.
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ABSTRACT

Aerogel-enhanced products are often indicated as promising materials for increasing the
thermal resistance of the building envelope. In particular, aerogel-enhanced blankets have
already showed their effectiveness in several retrofitting projects. This paper aims to review
the current state of the art regarding aerogel-enhanced blankets. In these materials, a fiber
matrix bonds together the aerogel structure, compensating the low mechanical properties of
the aerogels without reducing their exceptionally low thermal conductivity. This paper
describes current aerogel-enhanced blankets existing worldwide and produced by different
companies. Then, a new aerogel-enhanced blanket developed by the authors is presented.
Thermal characterization tests confirm the superior performance of aerogel-enhanced
blankets, which show a thermal conductivity as low as 0.013 W/(mK). Finally, future research
challenges for aerogel-enhanced blankets are presented.

KEYWORDS
High-performance envelope, aerogel, aerogel-enhanced blanket, super-insulating materials.

INTRODUCTION

The development of innovative materials aiming to achieve energy savings is a main focus in
the building technology sector. In this context, silica aerogel-enhanced products are often
indicated as promising materials for increasing the thermal resistance of the building
envelope. While aerogels seem to be promising but still uncommon materials, the global
market for silica-based aerogels continues to grow annually at over 10%, passing from US$
427 Million in 2016 to a forecast of US$ 1.92 billion in 2022 (GVR, 2016). Nowadays, the
primary market sector for aerogel-enhanced products is represented by the oil and gas fields
which mainly use aerogel-enhanced blankets. However, the building and construction aerogel-
market sector is supposed to increase more than the other sectors (Berardi and Nosrati, 2018).

Silica aerogels have extraordinary small pores, which result in remarkable thermal properties,
and mechanical strength. Table 1 reports the main physical properties of silica aerogels. In
Table 1, it emerges that while the compression strength of the aerogel has a value around 300
kPa, their tensile strength is only 16 kPa, making aerogel extremely fragile. In order to
strengthen the tensile properties of the silica aerogels to be used as an insulating material, it
has been recently proposed to reinforce the aerogels with mechanically stronger materials and
non-woven fiber matrixes such as glass, mineral or carbon fibers. When the fibers or fibrous
matrix are added to the pre-gel mixture which contains the gel precursors, the resulting dried
composite is an aerogel-enhanced blanket (Aegerter et al., 2011, Baetens et al., 2011).

Nowadays, the main reasoning for the use of aerogel-enhanced insulation is related to the
possible space saved resulting from the exceptional thermal properties and fire resistance. In
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particular, aerogel-enhanced products during building retrofits guarantee the advantage of
significant space saving and provide a high thermal resistance in thin layers (Ibrahim et al.,
2014, Ghazi Wakili et al. 2014, Galliano et al., 2016). In fact, already a few years ago, the
retrofit of a wall with 1 cm thick aerogel blankets on the interior side demonstrated to be
economically feasible by Shukla et al. (2014), although the high material cost at that time.

Table 1. Main physical properties of silica (SiO») aerogels.

Property Value

Density 3 to 350 kg/m® (typical 70 to 150 kg/m?)
Pore diameter span 1 to 100 nm (~20 nm on average)
Pore particle diameter 2 to 5 nm

Average pore diameter 20 to 40 nm

Porosity 85 t0 99.9 % (typical ~95%)
Thermal conductivity 0.01 to 0.02 W/mK

Primary particle diameter 2 to 4 nm

Surface area 600 to 1000 m?/g

Tensile strength 16 kPa

Compression strength 300 kPa

Coefficient of linear expansion 2 to 4x10 ¢

Aerogel-enhanced blankets composed of synthetic amorphous silica are a valid possibility
whenever space and weight constraints exist. Several studies have investigated the use of
aerogel blankets in buildings and reported about the in-situ behaviour of such products. For
example, at the University of Nottingham, the energy efficient retrofit project of a 1930’s
house was investigated. The research aimed to understand the impact of thermal bridging on
the heat loss using aerogel blankets of 20 mm thickness implemented internally with 12 mm
of gypsum plaster-board. Results showed that after retrofit, the heat loss through the
retrofitted wall was highly reduced, while for the separating wall, there was an increase of the
heat losses due to the growing thermal bridges (Cuce et al., 2014, Cuce and Cuce, 2016).
Although these preliminary experiences seem promising, a systematic evaluation of the
available aerogel-enhanced blankets is still missing. This paper aims to review thermal
properties of products currently on the market, to present an innovative aerogel-enhanced
blanket, and to review current challenges for these highly promising insulating products.

LITERATURE REVIEW

Aerogel-enhanced blankets are flexible, highly porous, and have a remarkably high thermal
resistance. In fact, they have started to be produced and commercialized by several
manufactures worldwide, such as Aspen Aerogel Inc., Cabot Corporation, Svenska Aerogel
AB, Acoustiblok UK Ltd., Active Space Technologies, Joda, and Airglass AB. For example,
Spaceloft developed by Aspen Aerogels Inc. (MA, US) is a flexible fiber-reinforced blanket
with a declared thermal conductivity of 0.013 W/(mK) at 0°C. Other common aerogel
blankets are Cryogel®Z by Aspen, available in 5 mm and 10 mm thickness and suitable for
industrial application, and Thermal-Wrap™, available in 5 mm and 8 mm thickness by Cabot
Corporation. The thermal conductivity of these last two products is 0.014 W/(mK) and 0.023
W/(mK) respectively. Similarly, among the aerogel-based commercial blankets, Proloft by
Advanced Technologies has attracted some attention as a thermal barrier strip to provide
thermal bridging protection around window frames.

The advantages of aerogel-enhanced blankets are that the final panel does not show any
granularity of the aerogel, since the aerogel particles are chemically attached to the fiberglass
matrix. Commercially available aerogel-enhanced blankets are made with amorphous silica,
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and they usually suffer for dust production. However, several health organizations, including
the International Occupational Safety and Health Organization, have declared aerogel blankets
not hazardous for the human health. The non-toxicity combined with the excellent fire
protection are promising characteristics of these blankets, which are recyclable, have minimal
to no Ozone Depleting Potential and a Global Warming Potential below than 5. Table 2
reports the main properties of different aerogel-enhanced blankets available on the market.

Table 2. Main properties of the most common aerogel-enhanced blankets available on the market.

Commercial name Manufacture  Fiber composition ](?;I}rsrll?)/ (W /)anK)
Thermal Wrap Cabot Polyestere and PET ~70 0.023
Cryogel x201 Aspen aerogel Polyester/fiber glass  ~130 0.014
Cryogel Z Aspen aerogel PET / fiber glass ~160 0.014
Dow Corning HPI 1000 Dow Corning  Fiber glass - 0.015
Pyrogel HPS Aspen acrogel  Fiber glass ~200 0.014
Pyrogel XTE Aspen aerogel Fiber glass ~200 0.014
Pyrogel XTF Aspen aerogel  Fiber glass ~200 0.014
Spaceloft Aspen aerogel Polyester/fiber glass ~151 0.015
Silica aerogel fiberglass blanket Joda Fiber glass <300 0.016
Silica aerogel ceramic fiber blanket Joda Ceramic fiber <301 0.016

Figure 1. Aerogel blankets Cryogelx201 (left) and Dow Corning HPI 1000 (right).

Lakatos (2017) and Nosrati and Berardi (2018) assessed how the thermal conductivity of
aerogel-blankets increases as a function of the moisture content. In particular, Lakatos (2017)
studied the application of the aerogel-blanket to a brick-based wall. Firstly, sorption isotherms
were investigated to understand the temperature sensitivity of moisture uptake. Each aerogel
slab was tested after wetting the dried samples for 0, 4, 8, 12, 16, 20 hours at 293 K and 93%
relative humidity, showing significant higher thermal conductivity in the wetting stage.

A comprehensive investigation of the thermal conductivity of the aerogel-enhanced Cryogel
by Aspen Aerogel and Thermal Wrap by Cabot blankets in humid conditions at transient and
steady-state regimes was made by Hoseini et al. (2017). The moisture build-up in the two
aerogel blanket samples was measured as a function of the relative humidity and temperature.
Transient plane source tests revealed that the thermal conductivity increased by up to
approximately 15% as the ambient relative humidity increased from 0% to 90%. However,
when the aerogel blankets were placed in a humid environment, it took hours for the moisture
to diffuse towards the material core.
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EXPERIMENTAL STUDIES

Comparison of existing products

Figure 2 shows the thermal conductivity values declared by the manufacturer for different
aerogel blankets currently on the market. The results are particularly promising, especially at
the temperature typically incurred in the building sector.

To help comparing several products, the authors performed hygrothermal tests in the Building
Science Lab at Ryerson University. In particular, after exposing the different blankets to the
same hygrothermal conditions, the thermal conductivity values for different aerogel blankets
were measured using the heat flow meter apparatus HFM 436 Lambda. The temperature
difference between the hot and cold plates was set to 20 °C, while the temperatures ranged
from -20 °C to +50 °C. Figure 3 reports the results for four aerogel-enhanced blankets.

Cryogelz -2-Cryogelx201 -« PyrogelHPS ~a--PyrogelXTF

o1 -a-Spaceloft PyrogelXTE Thermalwrap —=Joda
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Figure 2. Thermal conductivity values across the temperature for different aerogel blankets
(this figure was drawn using the values declared by the manufactures).
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Figure 3. Thermal conductivity values across temperature for different acrogel blankets (these
values were measured by the authors after having normalized the hygrothermal conditions).
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Development of a new aerogel-enhanced blanket

The synthesis of silica aerogels is typically carried out in three phases: gel preparation, aging,
and drying. In particular, three methods for drying the aerogels can be used: supercritical
drying (SCD), ambient pressure drying (APD) and the freezing drying. SCD reduces capillary
tension but comports higher costs. On the other hand, APD is more cost-effective but involves
increased capillary tension which can lead to shrinking and possible fractures, therefore SCD
is generally used for silica aerogels. The cost of the SCD process represents a limiting factor
to obtain a competitive price for the aerogel. To lower the price of the blankets by avoiding to
perform a SCD, the authors have obtained aerogels and aerogel-enhanced blankets drying the
materials in a vacuum oven for 24 hours (Fig. 4).

Figure 4. Authors’ produced aerogel granules (left) and aerogel-enhanced blankets obtained
embedding a fiberglass panel with precursor aerogel before the drying process (right).

The silica aerogels were prepared using the 2-step Stober process, as adapted from
Shlyakhtina et al. (2007), using reagents purchased from Sigma Aldrich. Firstly, 120 ml of
isopropanol was added to 123.2 ml of tetraethylorthosilicate in a graduated cylinder. The
contents were then transferred to a beaker with a stir bar, set to stir for 30 minutes, and sealed
with paraffin to prevent evaporation. Next, 29 ml of 0.1 M HCI was added dropwise, and set
to stir for an additional hour until the mixture was completely hydrolyzed into silicic acid. A
timer was started, and 28 ml of 0.15 M NH4OH was added dropwise to initiate the
polymerization. The solution was transferred into a cellophane-lined rectangular mould. Pre-
cut and pre-weighed fiberglass samples 2 cm thick were dipped into the solution, and then the
excess solution was squeezed out. Afterwards, the samples were set to cure, and were
transferred to a heated vacuum furnace for 24 hours, similarly to the work of Padmanabhan et
al. (2016). The samples were taken out and weighed to determine their final mass and that of
aerogel, by subtracting from their initial mass. The thermal conductivity of the aerogel-
enhanced blanket shown in Fig.4, tested using the same apparatus and conditions described
previously, resulted to be 0.029 W/(mK) at 0 °C and 0.031 W/(mK) at 20 °C, generally above
that of commercial aerogel-enhanced blankets, although the price of this bat would be
extremely competitive and its manufacturing process would not require expensive equipment.
In fact, the costs of the aerogel and of the aerogel-enhanced blankets were below $4/gram and
$30/m? respectively.
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CONCLUSIONS

This paper has presented ongoing research activities leading to the manufacture of aerogel-
enhanced blankets. An overview of products available on the market has been reported.
Meanwhile, a new aerogel-enhanced blanket has been presented. The hope is that soon APD
processes could be improved to realize cheap aerogel-blankets with a thermal conductivity of
0.010 W/(mK), a target that would make these products preferable over traditional insulating
ones.

ACKNOWLEDGEMENTS
The first author expresses his gratitude for the support of the NSERC DG #2016-4904 and for
the ERA award sponsored by the Ontario Ministry of Research Innovation and Science, MRIS

REFERENCES

Aegerter MA, Leventis N, Koebel MM. 2011. Aerogels Handbook. New Y ork: Springer.

Baetens R, Jelle BP, Gustavsen A. 2011. Aerogel insulation for building applications: A state-
of-the-art review, Energy Buildings 43, 761-769.

Berardi U, Nosrati R. 2018. Long-term performances of aerogel-enhanced insulating
materials, Fnergy 147, 1188-1202.

Berardi U. 2015. The development of a monolithic aerogel glazed window for an energy-
retrofitting project, Applied Energy 154, 603—615.

Cuce E, Cuce PM, Wood CJ, Riffat S. 2014. Toward aerogel based thermal superinsulation in
buildings: A comprehensive review, Renewable and Sustainable Energy Reviews 34, 273—
299.

Dorcheh SA, Abbasi MH. 2008. Silica aerogel: synthesis, properties characterization, Journal
of Materials Processing Technology 199, 10-26.

Galliano R, Ghazi Wakili K, Stahl T, Binder B, Daniotti B. 2016. Performance evaluation of
aerogel-based perlite-based prototyped insulations for internal thermal retrofitting: HMT
model validation by monitoring at demo scale, Energy and Buildings 126, 275-286.

Ghazi Wakili K, Binder B, Zimmermann M, Tanner C. 2014. Efficiency verification of a
combination of high performance conventional insulation layers in retrofitting a 130-year
old building, Energy and Buildings 82, 237-242

Hoseini A, Malekian A, Bahrami M. 2016. Deformation and thermal resistance study of
aerogel blanket insulation material under uniaxial compression, Energy and Buildings
130, 228-237.

Ibrahim M, Biwole PH, Wurts E, Achard P. 2014. A study on the thermal performance of
exterior walls covered with a recently patented silica-aerogel-based insulating coating,
Building and Environment 81, 112-122.

Lakatos A. 2017. Investigation of the moisture induced degradation of the thermal properties
of aerogel blankets: Measurements, calculations, simulations, Energy and Buildings 139,
506-516.

Nosrati R, Berardi U. 2018. Hygrothermal characterization of aerogel-enhanced insulating
materials under different humidity and temperature conditions. Energy and Buildings 158,
698-711.

Padmanabhan, Kunjalukkal S, Ul Haq E, Licciulli A. 2016. Synthesis of silica cryogel-glass
fiber blanket by vacuum drying. Ceramics International 42(6), 7216-222.

Shlyakhtina AV, Young-Jei O. 2007. Transparent SiO2 aerogels prepared by ambient pressure
drying with ternary azeotropes as components of pore fluid. Journal of Non-Crystalline
Solids 354(15-16), 1633-642.

Shukla N, Fallahi A, Kosny J. 2014. Aerogel Thermal Insulation — Technology Review Cost
Study, ASHRAE Transactions 120, 294-307.

114



7th International Building Physics Conference, IBPC2018

Hygrothermal Analysis of a Vapour-Open Assembly with Vacuum Insulation
Panels

Brock Conley!, Cynthia Ann Cruickshank', Mark Carver?

ICarleton University, Ottawa, Canada
2CanmetENERGY -Natural Resources Canada, Ottawa, Canada

ABSTRACT

The following paper studies the year-long moisture conditions associated with vacuum insulation
as the exterior insulation. The exterior insulation of one assembly was renovated by using
50.8 mm (2 inch) of expanded polystyrene (EPS) and represents the baseline performance of
current common practice. Another assembly was built with 20 mm (0.7 inch) vacuum insulation
panels encased in the equivalent thickness of EPS to represent a high RSI-value retrofit. The
thermal performance was evaluated using a guarded hot box facility at Carleton University and the
in-situ Building Envelope Test Hut at CanmetENERGY-Ottawa. The temperature, humidity and
moisture content in the sheathing measurements from February 2017 to March 2018 are presented.
Experimental results were compared to failure criteria outlined by ASHRAE Standard 160 to
determine if the proposed building envelope system would be suitable in a cold, humid climate.

KEYWORDS
Vacuum Insulation Panel, Retrofit, Building Envelope, Hygrothermal, Experimental

INTRODUCTION

In Canada, it is estimated that a single dwelling built before 1980 consumes 25% more space
conditioning energy than a dwelling built after 2010 according to the National Energy Use
Database (NRCan-OEE, 2016). Considering the disparity in energy consumption between
vintages, and that there are 4.5 million dwellings in Canada (Statistics Canada, 2016) built before
1984, there is a significant amount of energy that can be saved by further insulating or improving
the energy performance of these existing dwellings. Since space conditioning accounts for the
majority of the energy consumption in a residential building, addressing the energy flow through
the envelope of the building (e.g., conduction, air leakage) may provide significant benefits. A
properly sealed and well insulated envelope, which older homes often lack, can reduce the energy
transfer between the conditioned space and ambient environment.

Approximately 60% of existing residential buildings in Canada were constructed before 1984
(Statistics Canada, 2016). Since some of these buildings may be poorly insulated, and/or lacking
airtightness and consequently represent a large portion of the energy usage of the residential
building stock, that stock is a perfect candidate for retrofit. While these buildings may need
upgrades to their envelopes, simply increasing the amount of insulation on the exterior face of the
envelope may not be the best practice. Instead, it may be beneficial to use high performance
(e.g., high resistance) materials, such as vacuum insulation panels (VIPs), to maintain or limit the
increase of wall assembly thickness. While thermal improvements are a main driver of retrofitting
the building envelope, the hygrothermal aspects of the wall assembly impact its lifespan and
durability.
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The paper outlines the investigation of using high performance exterior insulation on two wall
assemblies to address the moisture requirements and thermal performance of a building envelope
while maintaining the thickness compared to standard constructions.

WALL ASSEMBLIES

Since the desired wall assembly construction is thin profiled as well as thermally and
hygrothermally sufficient for a cold and humid climate, a composite insulation panel using VIPs
and Type 2 expanded polystyrene (EPS) as rigid exterior insulation board was proposed. The VIPs
were surrounded by the EPS such that the RSI-value of the assembly was higher than an equivalent
thickness of EPS. This configuration also mitigates the risk of punctured VIPs during installation,
which was a concept previously investigated (Conley, et al., 2016; Carver, et al., 2017).

Construction

Two wall assemblies used for this study were developed to represent types of construction that
could impact Canadian construction. As previously stated, retrofitting the existing building stock
that is currently built below the current minimum insulation levels is an area that could provide a
large change in national energy consumption. The first wall assembly under investigation was a
2x4 wood stud assembly with 600 mm spacing, filled with RSI-3.3 insulation without any interior
vapour barriers and has undergone an exterior retrofit. The exterior retrofit involved removing all
materials to the exterior of the sheathing, applying an air barrier, adding the VIP-EPS insulation
panel, adding 1x3 strapping and finishing with siding (see Figure 1). The second wall assembly
represented a typical new construction in Ottawa, Canada. The wall was construction with 2x6
wood studs with 600 mm spacing filled with insulation, internal vapour barrier, 40 mm of rigid
insulation, an exterior air barrier and vinyl siding (similar to Figure 1). For the high performance
assembly, the VIP-EPS insulation panel was used as 40 mm of rigid insulation. Both of the wall
assemblies described are attempts at creating a durable, robust and high performing assembly that
can be utilized in Canadian climates and must be evaluated for their applicability to the climate.

Gypsum Board

Wood Studs Cavity Filled
Sheathing

EPS with VIP 7\

[n—— Y I
Strapping with Vinyl Siding ﬂé’ g

Gypsum Board
Wood Studs Cavity Filled — N
Sheathing
EPS
Strapping with Vinyl Siding —

Figure 1: Cross section illustrating materials used for the wall assemblies in the study

Failure Criteria

For the wall assembly design to be considered a success, the thermal and hygrothermal goals must
be met, in totality and in comparison to the baseline assemblies. These criteria were developed
from standards such as ASHRAE 160 or voluntary building performance standards. The
hygrothermal performance of the wall assembly is an indicator of its resilience to the wetting, and
its drying potential. The following criteria is applicable for materials at temperatures between 5°C
and 40°C:
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1. Maintain the 30-day running average relative humidity at the sheathing below 80%;

2. Maintain the 5-day running average relative humidity at the sheathing below 98%;

3. Maintain the daily average relative humidity at the sheathing below 100%; and

4. Maintain a moisture content below 28% to eliminate the risk of mould and rot.
When the material is at a temperature below 5°C, most deterioration at high humidity levels is
non-existent, while condensation and bulk wetting could still be an issue. The relative humidity
set-points were developed by ASHRAE (ANSI/ASHRAE, 2016) as guidelines to minimize the
risk associated with organic growth within the building envelope assembly. The moisture content
of wood limits are based on studies that assessed the robustness or durability of wall assemblies
and is related to the surface relative humidity.

THERMAL PERFORMANCE

The steady-state testing was performed using a guarded hot-box situated at Carleton University
with the purpose of determining an accurate RSI-value of the proposed wall assemblies. The
guarded hot-box, depicted schematically in Figure 2, is composed of three independently
controlled chambers to force one-dimensional heat flow through the wall assembly specimen. The
climate chamber is set to simulate the exterior temperature conditions (approximately -20°C) while
the metering and guarded chambers have the same set-point, slightly above room temperature
around 25°C, thus creating a substantial temperature difference across the specimen.

Interior Chamber ﬂ\\& B 1 |+ Specimen
Baffle — P — :/ | Baffle
Heating Unit (Metered) | B / | — Fans
Heating Unit \\z \iD K// Cooling Unit

Guarded Chamber ~_|

\ .
| — Exterior Chamber
Fans ~ | OFHQ — //ﬁ Surround Panel

iy B _

Figure 2: Schematic of the guarded hot-box at Carleton University

The electric heaters installed within the metering chamber are the only source of energy input to
the area, and are therefore accurately monitored for the duration of the test period. Additionally,
the interior and exterior surface temperatures are measured during the test period to find the
effective RSI-value of the wall assembly through Equation (1), where AT is the temperature
difference between surfaces in °C, A is the known area of the metering chamber in m?, t is the test
period in seconds, and E is the energy input to the metering chamber in J.

oy AT At
-~ E (1)
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The effective RSI-value of the wall assembly can be calculated from the measured data after
steady-state is reached. Defined by ASTM C-1363, these test conditions are met when five
consecutive test periods:
- The average specimen surface temperature in either chamber did not vary by more than
+0.25°C.
- The average energy input to the metering chamber did not vary by more than + 1%.

For this study, the wall assemblies were evaluated in the guarded hot-box and results were
compiled into Table 1. The assemblies that were tested performed below the failure criteria
previously described, however, the baseline values were improved by increasing the RSI-value by
31% and 21% for new construction and retrofit construction, respectively. It should be noted that
the nominal values provided for the baseline assemblies do not incorporate thermal bridges from
the vertical framing members, and constitute a highest permissible value, while the values
calculated from the guarded hot-box experiments are the effective RSI-values, which would be a
lowest possible RSI-value.

Table 1: Summary of steady-state effective RSI-value from guarded hot-box testing

Assembly New Construction (m*K/W) Retrofit (m?K/W)
Baseline 4.8 (nominal) 4.2 (nominal)
High Performance 6.3 (effective) 5.1 (effective)

HYGROTHERMAL PERFORMANCE

The hygrothermal assessment of the wall assemblies were conducted at the CanmetENERGY
Building Envelope Test Hut (CE-BETH) in Ottawa, Canada. The test facility monitors the
moisture and thermal conditions of wall assemblies by controlling the interior conditions and
exposing the exterior to ambient conditions for a prolonged period of time. Instrumentation is
placed within each specimen to monitor the moisture content, relative humidity, temperature and
heat flux at various interfaces and materials within the assembly. The measured values were
compared to failure criteria and the durability of the assembly was assess for the climate.
Measurements were taken at 5 minute intervals and averaged over the hour to reduce the number
of data points and have a better comparison for weather data. The instrumentation points are shown
in Figure 3, which are identical for the new construction and retrofit wall assemblies.

fmm S Y (R N 1 I -
I i i !
I i i !
_———— 4 _———— 4 _———— 4
&
fmm e o I ES— - -
I Ml il !
i ¥ o® O HER i &
| | |
——— = 3 ——— = 3 ——— = 4
fmm S Y (R N 1 I -
I i i !
I i i !
_———— 4 _———— 4 _———— 4
fmm S Y (R N 1 I -
I i i !
I i i !
— i — . 4 e — e — . d — i — . 4
O Relative Humidity O Moisture Content X Temperature --- VIP

Figure 3: Plan view of instrumentation placed at the sheathing of bottom half of the assemblies

118



7th International Building Physics Conference, IBPC2018

The durability of the wall assemblies were monitored from February 2017 to February 2018,
however they were installed at the test facility beginning in December 2016. Therefore, the
assemblies were exposed to a heating seasons worth of moisture loads prior to when the data
acquisition began. During installation, various sensors were place on the sheathing surface and
vertical framing members to assess the moisture content, temperature and relative humidity of the
materials.

The interior conditions of the facility have different set-points for the heating and cooling seasons.
During the heating season, the facility maintains an indoor air temperature of 24°C and a relative
humidity between 35% and 40%. During the cooling season, the indoor air temperature is
maintained at 20°C but the relative humidity may reach up to 70%. The lack of dehumidification
in the space aligns with ASHRAE 160 interior design humidity for daily average outdoor
temperatures 20°C or greater, which is experienced in Ottawa. For the one year test period, the
interior temperature and relative humidity of CE-BETH is presented in Figure 4.Note that there
were control and power issues during the monitoring program that caused dips in temperature and
relative humidity.
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Figure 4: CE-BETH interior conditions for the February 2017 through February 2018

During the test period, the moisture content in the sheathing and vertical framing members were
measured through resistance based instruments. In Figure 5, the moisture content of four locations
in the high performance assembly designed for new constructions were plotted for the duration of
the test period. The VIP and EPS labels are moisture content pins in the sheathing aligned to the
labelled material outboard. The temperature of the sheathing aligned with a VIP is plotted to show
the temperature dependence of the moisture content. The moisture contents in the assembly did
not exceed 20%, except for a brief period in November and December, where the temperature
decreased rapidly.

The findings suggests that the building envelope would pass the hygrothermal failure criteria
outline, however, the assemblies would need to undergo further observation to ensure that the
increasing trend of moisture content does not continue over time. An acceptable level of drying
potential is shown for the 2017 annum, but with 2018 data, conclusive determinations can be made
about the assembly and its feasibility in the environment.
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Figure 5: Monitored moisture content within the new construction wall assembly

CONCLUSION

In conclusion, two wall assemblies with VIPs were evaluated under steady-state and in-situ
conditions in Ottawa, Canada. The thermal performance of the proposed assembly increased the
thermal resistance by up to 32% compared to the baseline assembly. The hygrothermal parameters
of the assemblies were and continue to be monitored and measured. After the first year of data
collected, the wall assemblies passed the failure criteria outlined, however, it remains too early to
make conclusive determinations about the durability and robustness of the wall assemblies in this
climate.

The hygrothermal measurements continue to be logged, while the computer simulations will be
used to verify the results from CE-BETH. After the in-situ study in Ottawa is completed and
simulations are compared to the experimental data, the wall assemblies will be compared to other
climates across Canada to ensure they are sufficiently robust and durable. Afterwards,
hygrothermal simulations will be used to determine the sensitivity of the proposed assembly to
parameters such as, interior relative humidity, sun exposure and varying weather files.
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ABSTRACT

The main objective of this paper is by measurements to investigate whether increased thermal
insulation thickness reduces the temperature in ventilated attics. With lower heat flux through
the ceiling in the winter, the theory is that the temperature in the attic decreases and
consequently the relative humidity increases which may cause mold growth. While some
simulations support this theory, others do not. To test the theory in practice, measurements
were performed in 29 dwellings, mainly older single family houses with ventilated attics and
insulation thicknesses varying between 150 and 600 mm (6 and 23%). The temperature was
measured for more than one year in the attic, the living space below and outdoors.

All measured attics were ventilated as recommended in guidelines; i.e. with openings at the
top and the bottom. The measurements in the attics showed high dependency on the outdoor
temperature, while indoor temperature and the thickness of insulation were not significant.

Consequently, the thermal insulation thickness alone cannot explain possible increasing mold
problems. However, extra insulation in attics may obstruct the ventilation openings and
therefore, reduce the ventilation rate. Measurements of ventilation rates in non-problematic
and moldy attics should therefore be the next step.

KEYWORDS
Ventilated attics, temperature, thermal insulation thickness, heat flux, energy efficiency

INTRODUCTION

Our recent, paper (Hansen & Magller, 2017) showed some indication that the measured
temperature in the attics of the case buildings was independent of the thermal insulation in the
ceiling. Another paper (Nielsen & Morelli, 2017) presented simulation results for temperature
variation in cold ventilated attics, with insulation thicknesses varying from 50 to 450 mm,
where the average temperature in the attic in January was 1.54 °C (50 mm), 0.29 °C (150 mm)
and -0.39 °C (450 mm). In April the average temperatures in the attic were 9.7 °C (50 mm),
9.0 °C (150 mm) and 8.7 °C (450 mm). This indicates that an increased insulation thickness
from 150 mm and up, has a minor influence on the temperature in a cold ventilated attic
during winter time. Hagentoft & Sasic-Kalagasidis (2010) state that additional attic insulation
leads to a colder attic space, but does not indicate the magnitude. Geving & Holme (2010)
have made simulations with average monthly values of tempererature and relatively humidity
for Oslo; they also conclude that the temperature in the attic decreases with increased
insulation, but they do not state how much. However, from the increase in relative humidity
the temperature difference can be calculated to be approxemately 0.5 °C when the insulation
thickness is changed from 100 mm to 500 mm. The outdoor temperature in Oslo in January is
approxemately 3 °C lower than in Denmark.
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The general perception that energy—saving will decrease the temperature in a ventilated attic
substantially and consequently increase the risk of mould growth is challenged in this paper.
Instead of simulations, measurements of temperature were performed in 29 case buildings
with different amounts of insulation on the ceiling against af ventilatede attic.

METHODS

To assess the effect of the insulation thickness on the temperature in a cold ventilated attic, a
series of field measurements was carried out in 29 Danish case buildings grouped in three
groups depending on the insulation thickness:

e Group A: 7 case buildings with an insulation thickness ranging between 150-250 mm
e Group B: 9 case buildings with an insulation thickness ranging between 300-400 mm
e Group C: 13 case buildings with an insulation thickness ranging between 450-600 mm

The thermal insulation was applied either at construction or later as a part of improving the
energy efficiency. When looking at temperature difference, the thermal resistance for the
insulation material is the relevant parameter. As the insulation materials used in the case
buildings had approximately the same thermal conductivity, the thickness was proportional to
the thermal resistance. Most of the case buildings had a vapor barrier installed; some of them
were old and probably not tight. However, this article only considers temperatures; the
effectiveness of the vapor barriers is therefore not considered.

In each attic, a series of sensors (EL-USB-2+ from Lascar Electronics (Lascar electronics))
were installed in order to register the temperature and relative humidity for at least one year.
Measurements were performed from July 2015 to June 2017. Not all houses were measured at
the same time, and therefore two winters were covered. Sensor positions are shown in

Figure 1. The sensors were controlled for uncertainty of measurements, which was registered
to be within the 0.45 °C stated by the manufacturer. The sensors registered the climate every
hour. Beside the sensors in the attic, one sensor registered the indoor climate and another
sensor measured the outdoor climate.

The data analysis showed that the temperatures at the ridge and at the roof underlay were very
much alike; the same applied for the two sensors located on top of the insulation material. The
hypothesis that the temperatures in the attic space and above the insulation were the same in
the groups was tested statistically by t-tests and test of correlation.

Figure 1. Principle sketch of a cold ventilated attic with sensor location (grey stars). Blue
arrows indicate ventilation; red line indicates position of possible vapor barrier.

Ventilation rates in the attic were measured in seven of the case buildings by two passive
tracer gasses (Heiselberg and Bergsoe, 1992) placed in attics and living spaces, respectively.

122



7th International Building Physics Conference, IBPC2018

RESULTS

Data collected from the mounted loggers in the case buildings are presented in Figure 2 and
Figure 3. In each group the case building has its own color so the legend in Figure 2
represents both figures. To avoid fluctuating data, moving average for a period of one week,
is used for evaluating data.
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Figure 2. Measured indoor climate in every case building for the two winter periods 2015/16
and 2016/17 (November to March, both included) for the three different groups
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Figure 3. Measured attic temperature in every case building for the two winters 2015/16 and
2016/17 for the three different groups, see Figure 2 for legend
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Figure 2 and Figure 3 illustrate the measured indoor temperature central in the house, and the
average temperatures for the sensors located in the attic space, respectively. In the figures, the
measured summer conditions are omitted, as the temperature difference between the indoor
climate and the attic space are most significant during the winter period.

Table 1 shows the mean and standard deviation for the measured temperature in the three
different groups for both winter periods (from 1 November to 31 March) in the attic and
above the insulation. For comparison, the indoor and outdoor temperatures are shown as well.

Table 1. Mean and standard deviation for the measured temperature in the three different
groups for both winter periods (from 1 November to 31 March). The numbers in brackets
denotes the number of case buildings.

Group 1 Group 2 Group 3
150-250 mm  300-400 mm  450-600 mm
Outdoor [°C] 49+1.2(14)
Winter Indoor [°C] 221+£1.4(6) 223+153) 21.5+£1.9(2)
2015/2016  Above insulation [°C] 49+05(06) 53+£07@3) 53+04(12)
Attic space [°C] 46+04(06) 42+053) 47+04(12)
Outdoor [°C] 4.5+ 1.2 (10)
Winter Indoor [°C] 21.8+1.7(2) 214+1.7(7) 23.6(1)
2016/2017  Above insulation [°C] 47+122) 51+06(7) 53(1)
Attic space [°C] 42+06(2) 45+£07(7) 4.8(1)

The ventilation openings were visually inspected; most of the case buildings had the
recommended size of ventilation openings of 1/500 of the floor area (Brandt, et al., 2013).
Only in one case the ventilation was insufficient. In that case, there was visible mold growth
in the attic. Measurements of the ventilation rate in seven houses showed ventilation rates
between 1.9 h™' and 24 h'. The ventilation rate was not measured in the attic with visible
mold growth.

DISCUSSIONS

The measurements did not support the hypothesis that the attic temperature decreases with
higher thickness of insulation. The tendency seems to be the opposite; in the winter
2016/2017 the attic temperature generally increased with higher amounts of insulation
material. However, the measurements in Group 3 are only from one case and the indoor
temperature was 1.8 °C higher in this building compared with the two Group 1 cases, so this
might explain a 0.5 °C higher temperature. Nevertheless, the temperature rise in Group 2 of
0.3 °C compared with Group 1 cannot be explained by a higher indoor temperature as the
average indoor temperature in Group 2 was 0.4 °C lower. In the winter 2015/2016, the
temperature in the attic space in Group 3 was 0.1 °C higher than in Group 1 although the
indoor temperature was 0.6 °C lower.

A series of t-tests shows no significant differences for the mean temperature between the
different groups and as shown in Table 2, the temperature in the attics and above insulation
were highly correlated within the group and each other. Furthermore, temperature differences
of this magnitude in the attic are within the measurement uncertainties. Consequently, the
temperatures in the attic space do not differ in the three groups and there is therefore no
dependency on the insulation thickness. This corresponds to measured data from a laboratory
test building with a controlled indoor climate (Hansen & Moeller, 2016).
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Table 2. Correlation coefficients between temperature curves for different sensor positions.
Green area indicates significant correlation.

Out- Indoor climate Above insulation Attic
door Gl G2 G3 GI G2 G3 Gl G2 G3

Gl | 0.59 1.00
Indoor G2 | 0.30 0.44 1.00
G3 | 0.06 -0.33 -0.52 1.00

Gl | 098 | 0.64 030 0.06 | 1.00
G2| 098 | 0.61 034 0.04 | 099 1.00
G3| 097 | 062 028 010 | 099 0.99 1.00

Above
insulation

Gl | 098 | 0.65 0.34 0.03 1.00 1.00 0.99 1.00
Attic G2| 097 | 059 027 012 | 099 099 099 | 0.99 1.00
G3| 097 | 061 029 010 | 099 0.99 1.00 | 099 099 1.00

As expected, the temperature above the insulation is generally higher than the temperature in
the attic space; the tendency was consistent throughout the two winters and the three groups.
That the temperature in the attic space is the same as the outdoor temperature might be due to
effective ventilation, but the surface temperature of the insulation should be lower in the case
of reduced heat flux i.e. high insulation thickness. This was not the case; all temperatures
above the insulation increased with increasing insulation thickness. In the winter 2015/2016
the temperature difference above the insulation was 0.4 °C higher in Group 3 than Group 1
despite a 0.6 °C lower indoor temperature in Group 3. There might be a simple technical
explanation as to why the temperatures in Groups 2 and 3 are higher than in Group 1; while
the insulation material in Group 1 is in general relatively firm plates, the insulation material in
Groups 2 and 3 is more often a granulate. Consequently, the data loggers are more likely to
sink a little into the insulation material in Groups 2 and 3 and therefore measure in an area
where the temperature is higher. However, this cannot explain why the temperature above the
insulation is higher in Group 3 than in Group 2.

Although some of the temperature differences cannot be explained, they are all small
compared with the measurement uncertainties and the tendencies are not significant,
therefore, the temperature above the insulation should be regarded as independent of the
insulation thickness. This does not support simulations made by others. The reason for this
discrepancy might be computational difficulties in the simulation of convection or because the
ventilation rate in attics fluctuates, depending on wind speed and direction.

Some practitioners claim to have observed an increased number of attics with mold growth.
This study shows that the assumption that a temperature decrease because of higher amounts
of insulation in the ceiling is responsible for this is not correct. There must be other
explanations. One could be that additional insulation in existing attics obstructs some of the
ventilation openings and consequently less moisture is removed by ventilation. In some cases,
ventilation openings have consciously been closed because of the wrong assumption that
ventilation can be omitted in attics if the roof underlay is open for diffusion.

Knowing the appropriate ventilation rate would therefore be helpful. However, the rate varied
considerably and no visual mold growth was detected in any of the attics where the
ventilation rate was measured. The needed ventilation rate may also change with the season.
Therefore, more studies of sufficient ventilation rates are needed. To test the influence of
ventilation rates, WUFI (WUFI, 2018) was used for a series of preliminary simulations with
insulation thickness of 150, 350, and 600 mm, simulated with two different ventilation rates:

125



7th International Building Physics Conference, IBPC2018

2 and 15 h™'. These showed that the temperature in the attic was influenced by neither the
ventilation rate nor the insulation thickness. This supports that higher relative humidity in
some attics are not caused by lower temperature. Contrary to the measurements, the
simulations of temperature in the top of the insulation layer was influenced by the insulation
thickness, winter average was 1 °C higher with 150 mm of insulation compared to 600 mm
insulation, regardless of the ventilation rate. This illustrates how difficult it is to measure at
intersections between materials when sensors have a size of approx. 2 cm.

CONCLUSIONS

Contrary to our expectations, the measurements showed that the temperature in ventilated
attic spaces or just above the insulation material did not depend on the thickness of the
insulation material. The assumption that additional insulation in ceilings reduced the
temperature, therefore raises the relative humidity, and consequently is responsible for
increased mold growth in attics, cannot be corroborated. However, additional insulation may
have an influence on the relative humidity anyway e.g. because ventilation openings may be
blocked by the additional insulation resulting in insufficient ventilation rates. The
consequence of these findings is that if there is no mold problem in an attic, it is possible to
increase the insulation limitless if the ventilation is not altered. Measurements of ventilation
rates in attics with and without mold growth might bring further insight to why mold growth
in attics seems to be an increasing problem.
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ABSTRACT

Vacuum insulation panels (VIPs) are high-performance insulating materials constructed by
covering a core and adsorbent with an envelope and evacuating the air from the inside. VIPs
have used to enhance the energy efficiency of devices including refrigerators, vending
machines, and cooler boxes. In order to apply VIPs as heat-insulation materials in buildings
and houses, it is necessary to predict the long-term performance of the VIPs and verify the
accuracy of the prediction using actual measurements. VIPs using glass fiber as a core
material are spreading in Japan, and VIPs using glass fiber core material as the core is also
likely to be the mainstream in building applications. Therefore, in this paper, we report the
comparison of the measurement results of the long-term performance in the building
environment of VIPs using glass fiber and the calculation result. We also describe the
calculation method of long-term performance prediction.

KEYWORDS
Vacuum insulation, Thermal conductivity, Long-term performance,

1. Introduction

Vacuum insulation panels (VIPs) are high-performance insulating materials constructed by
covering a core and adsorbent with an envelope and evacuating the air from the inside. The
VIP core is composed of glass fiber core or fumed silica core and covered by a laminated film.
Upon evacuating the air from the VIPs, the gas thermal conductivity can be reduced to near
zero, resulting in good thermal performance. Because it has high insulation performance, it is
expected to be able to reduce wall thickness and enhance energy-saving when used for
building applications. However, in many studies, long-term performance of VIPs under a
constant environment had been discussed, but the long-term performance of VIPs itself in the
building environment was not measured. Since there is no actual measurement data, accuracy
of long-term performance prediction in the building environment cannot be confirmed. In
addition, most of these studies are fumed silica core, and there are few studies on glass fiber
core [1-6]. In order to solve this problem, we have been started to measure the thermal
conductivity of VIPs that installed under the raised floor of a building. Glass fiber was used as
the core material. VIPs was taken out from under the raised floor once every three months and
measured the thermal conductivity by heat flow meter method. Furthermore, we measured the
temperature and humidity of the front and back of VIPs, and examined the influence of
environmental condition on long-term performance of VIPs.

2. Aging model!”""!

The parallel model is widely used to predict thermal conductivity. Heat transfer in the core
material can be expressed as the conduction through solid and through gas in case of its
presence and radiation:
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Acop =As+ 245+ 4, (1)

Where A,y is the thermal conductivity of the center of panel, Asis the thermal conductivity
of the solid skeleton, A, is the radiative thermal conductivity, and A, is the thermal
conductivity of the gas within the pores. The units for all variables are provided in the
Symbols section at the end of the paper. The thermal conductivities of the solid and gaseous
components of the VIP are affected by the internal pressure and adsorption of water vapor on
the core material.

2.1. Thermal conductivity of the VIP with desiccant

The thermal conductivity of the VIP containing desiccant can be expressed as,
lcop = lsr,ini + )‘g(Pa,T) = lsr,ini + )Lga. ()
2.2. Permeability of dry air

Based on the mass-balance equation for air permeation into the VIPs and the state equation
of an ideal gas (P;Voy = mi/M;RT), the change in internal pressure resulting from the

permeation of dry air can be expressed b
2= - ‘ = Ka,total ‘ (Pa,atm - Pa) (3)

dt R T dt
K ,t t lRT
P, = Pa,atm - (Pa,atm - Pa(O))exp <_ ;lova t) 4)
aVeff

2.3. Relation of dry air pressure and thermal conductivity

Since the thermal conductivity of the VIPs relate to the internal pressure of VIPs, it can be
expressed as follows using the Eq.(2)and (4).

A
ga,0
Acop = Asr,ini + )'g = Asr,ini + m (5)
2 P
Aeop = Agrimi + 940
cop sr,ini i P1/2 ©)
Pyo+P’ -t

at
2.4. Thermal conductivity owing to difference in dimensions (metallized film)

Unlike the aluminum foil VIPs, considering the transmittance from the surface, the
transmittance of the metallized VIPs is expressed as

Ka,total = Ka,A *A+ Ka,L L (7)
From the time rate of the internal pressure, the relation of time rate of thermal conductivity
can be obtained. Based on the measured value at a certain dimension, for asurface area A,.f
and perimeter length L, f, the change in internal pressure is expressed as

dpP K RT
L1 (0 ) e ®
a¥eff(re
dPA,L ~ (P —p (0)) Ka,total ‘ LrefRT
de —\eemo e MgV esf(rer)

. Veff(ref) . Ka,total

Veff Ka,total(Aref,Lref)
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_ dPAref,Lref i Veff(ref) . Ka,total (9)
dt Vess K totai(a,, filref)

_ APy, L. Vesreen K total (10)
dt Vesr Ko total(AvesLyes)

2.5.Estimation of transmittance under different conditions (Arrhenius plot)

Supposing that the temperature and pressure of the environmental conditions to be found
areT,y,P(Tey), from Eq. (8), the gas permeability K, 1o¢q; Of dry air is as follows:
K = 1 . MV 55 ] dP(T,,) an

wtota (Pa,atm - p(O)) RTex dt
When calculating the time rate of internal pressure from the measurement result of the
thermal conductivity, it is necessary to convert by the average temperature at the time of

measuring the thermal conductivity and the pressure (1 o P(T,)).

P(T.)
P(Tex) = T_cTex (12)
C
Substitute this equation into Eq.(11),
1 M,V dpP,(T.)
Katotal = o e (13)
(Pa,atm p(o)) RTC dt

3. Long term performance

In order to confirm the gas permeability (Kgi; ¢o¢q:) Of the dependence of temperature and
humidity, we carried out the aging test with thermostatic chamber. The Arrhenius plot was
obtained based on Eq. (13). The details of the experimental VIPs are shown in Table 1. The
Arrhenius plot does not consider the gas absorbed by the getter material.

3.1. Long-term performance in a thermostatic chamber

The VIPs was removed from the thermostatic chamber and cured at room temperature. The
thermal conductivity was then measured using a heat flow meter (HC074 600, EKO
instruments), and the results are shown in Fig. 3. The results of Arrhenius plot obtained from
Eq.13 and experimental results are shown in Fig.4. The Arrhenius plot confirmed the
temperature dependence of the VIPs air permeability under the tested aging conditions
(23°C50% RH and 50°C). The comparison of the aging conditions of 50°C and 50°C with
70% RH confirmed that the gas permeability increased by approximately 6% shown in table2.
The transmittance of dry air increased with relative humidity, which may be influenced by the
material of the film. The metallized film is provided with a vapor deposited layer based on
Ethylene vinyl alcohol (EVOH), probably because the barrier property of the EVOH layer
decreased under high temperature and high humidity. When estimating the transmittance
using Arrhenius plot, it is also necessary to consider film properties of EVOH.

Table 1. Details of the VIPs and aging condition

VIP Size D t10x495x495 "1
Core Glass fiber
Film Hybrid Type*?

Desiccant Calcium Oxide 20g

Getter Zeolite type 5g

Protection | Covered by polyvinyl chloride(PVC) 75um film
1) 23°C, 50% RH
2) 35°C, 80% RH

3) 50°C4) 50°C, 70% RH

*I: The four corners of the VIP contain 90-mm cutouts

*2: One side is an aluminium foil film and the other side is a metallized film with EVOH

Aging
condition
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Table2. Overall air permeability (Kair total) of the VIP aged under different conditions

Temperature Relative Humidity T Kair_total
(T; °C) (RH; %) [ x10-12g/day-Pa]
23 50 0.00337 14.3
35 80 0.00325 21.0
50 - 0.00309 35.8
50 70 0.00309 37.7

Fig.3: Long-term performance of the VIP under different static conditions
Fig.4: Arrhenius plot of the VIP

3.2. Long-term performance in a building condition

The VIPs were constructed on the concrete slab under the raised floor of a new building,
the details of VIPs are shown in Table3. The VIPs were removed from under the floor every
three months, and thermal conductivities were measured before reinstallation (Fig.5). The
construction period and measurement period are shown in Table4. Thermo-hygrometers were
installed on the front and back of each VIP to measure the temperature and humidity (Fig.7
and 8). Half of the VIPs installed in Room 2 (VIPO1) was placed in the reverse of the front
and back, and the effect of the orientation of the MF surface on the long-term VIPs
performance was evaluated. First of all, we obtained the total gas permeability (Kgir rotar)
based on the values of internal pressure which is calculated from measurement value of
thermal conductivity. Secondly, Table5 shows a comparison of the internal pressure obtained
from the time rate of thermal conductivity “AP,” and the time rate of temperature data
“AP.q;”. AP, was obtained total gas transmittance on site conditions which is calculated
from Arrhenius plot and average temperature every 2 hours. As the result of calculating the
among AP_,; obtained using the temperatures on the upper and lower surfaces of the VIPs in
the room2, the error from the measured value was smaller in the result calculated by referring
to the temperature on the metallized film’s side than the aluminum foil’s side. This is
attributed to the higher temperature dependence of the transmittance of dry air on the
metallized film compared to that on the aluminum foil. However, the error of this result
should also consider that the exposure environment during the measurement period is
ambiguous. In order to prevent errors, for example, it can be solved if pressure of inside the
VIPs can be directly measured at the real building environment.

Table3. Characteristics of VIPs used in the test of building condition
VIP Size @ 10 x 495 x 495 "1 in WOk
@ t10x372x 385
B t10 x 372 x 385
Core @ Glass fiber 1
@
©

Glass fiber 2
Glass fiber 1
Film Hybrid Type
Desiccant Calcium Oxide
Getter Zeolite type VIPQD VIPQ®)
Protection Covered by PVC 75-pm film
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Table4. Installation periods of the different VIPs used in the test of building condition

Day installed | Day removed Days after product was manufactured
vIPO 333 48 381
VIP@ 331 58 389
VIP®® 333 48 381

TableS. Comparison of measured and calculated values of internal pressure for each room

. ) Reference Internal pressure | Internal pressure
Metallized film Error
Place side temperature (measured, (calculated, (%)
APm) APcal) °
day 244 381 244 381 244 381
Upside Upside 9.98 17.42 9.80 26.2
RoomT | interior side) Lower 103 1 138 904 [ 1716 | 9.70 | 244
Lower Upside 10.3 17.73 40.0 37.4
Room2 | q1ab side) Lower 818 | 129 %73 | 1508 | 115 | 239
Upside Upside 10.3 17.73 7.3 22.3
Room2 | interior side) Lower 10.74 | 145 7873 [ 1508 | 149 | 10.0
Fig.5. Long-term performance of the VIPs in different rooms and comparison of inside out
*VIP No/room No/Metallized film side
Fig.6. Comparison of measured value and calculated values of internal pressure (room?2)
*VIP No/room No/Metallized film side/measured value or calculated value
40 90 40 90
- 80 - 80
330 - TC 30 s
3 - 605 T - 60 =
! = k=]
z - 508 2 - 50°F
020 - = 820 3
g - 405 g - 40
[oN )
£ 302 £ - 305
< —_—
=10 — - og5 10 P ‘ - 20
Tempereture on the VIP ~ Tempereture on the VIP
Relative humidity under the VIP[ 10 Relative humidity on the VIP - 10
0 Relative humidity on the VIP 0 0 Relative lllumidity under thfll VIP 0
2017/3/31 2017/8/28 2018/1/25 2017/3/31 2017/8/28 2018/1/25
day day

Fig.7. Temperature and relative humidity measured in room 1 on and under the VIPs
Fig.8. Temperature and relative humidity measured in room 2 on and under the VIPs

4. Summary
We constructed a VIPs under the raised floor of the building and periodically measured the
thermal conductivity and the weight increase and the environmental conditions. We compared
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the time change of internal pressure which was calculated by the relationship of thermal
conductivity and internal pressure (Eq.6) using measurement result of thermal conductivity
with calculated data which was obtained by temperature of environmental condition and
Arrhenius plot (Eq.13). The results were roughly in agreement with the calculation results, but
the prediction result of about 10% error as a whole at 227days increased further by 10% or
more at 381 days (Fig.6). We consider the following three reasons why errors occurred.

(1) It is necessary to separate the gas permeation of surface and edge.

(2) Since the actual measurement range of Arrhenius plot is 23°Cto50°C, it is necessary to
confirm the accuracy at 23 ° C. or less.

(3)The influence of humidity in the actual measurement environment is expected to be low
from the Arrhenius plot, but in order to make more accurate prediction it is necessary to
consider the influence of humidity.

5. Future work

We will continue to measure and continue to verify whether long-term performance can be
predicted from the measurement of environmental conditions. Meanwhile, we plan to develop
a method that can be measured while it is being constructed on site. Specifically, we will
consider improving the accuracy of prediction of durability by comparing it with the result of
thermal conductivity measurement using VIPs equipped with micro pressure sensor. We will
discuss the relation between external environment and internal pressure. And we will also
study the influence of getter material, folded edges on gas permeability calculation, time rate
of transmittance due to material deterioration, and another size of VIPs.
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ABSTRACT

In Swedish district heating systems, 10% of the produced energy is lost at the distribution
network. It is of interest to lower the energy losses both for economic and environmental
reasons. Since 2011 the feasibility of using superinsulation material for insulation of the district
heating pipes were studied. Apparent thermal conductivity and long term performance of
vacuum panels has been identified has the crucial challenge for using vacuum insulation panels.
The estimated life time of a vacuum panel in building applications at 90 °C is about 50 years.
The life time estimation is based on the climate condition valid for building application.
However, peak temperature in a district heating system can be about 140°C.

Hybrid insulated pipes with a Vacuum Insulated Panel (VIP) have been tested and evaluated
by laboratory and field measurements. The results of numerical analyses of the measured
data indicate a possible small degradation of the VIP at a similar rate as building application,
even though the operative temperature is between 80-100 °C. In the laboratory a hybrid
insulated pipe has withstood exposure to one sided heating at 115°C for over 5 years. The
results indicate that hybrid insulated district heating pipes reduce heat losses by 20-30% for
a twin pipe and with more than 50% in a single pipe. It can be concluded that VIP shows
promising performance in district heating pipe applications.

KEYWORDS
Vacuum insulation panels, district heating pipe, heat losses, long-term performance

INTRODUCTION

More than 5000 district heating system are in operation within the European Union.
Transferring heat and cold efficiently in urban areas is the main goal of district heating. Sweden
is one of countries where more than 50% of heat demand of the building stock is covered
by district heating systems. At present there are approximately 24,000 km of district
heating network (DHN) in Sweden. The heat losses in DHN is 5-6 TWh (Swedish Energy
Agency, 2017). There are a number of measures for reduction of heat losses e.g. a) using
twin pipes instead of two single pipes, where the supply/carrier pipe and the return pipe are
placed within the same insulation pipe, b) reduction of temperature level in DHN i.e. low
temperature system, c) enhancing thermal properties of insulation material of the pipes.

In Nordic countries, the twin pipe concept has been used since the 1990°s and utilization of
low temperature district heating systems are under investigation in Sweden. However, the
low temperature system was used in Denmark. Enhancing the insulation material in a DHN
has been studied since the introduction of district heating systems and different types of
insulations material, e.g. glass wool, mineral wool, stone wool and polyurethane (PUR), were
used.

PUR is most common insulation material in new district heating pipe generation. The thermal
conductivity of PUR is about 26 mW/mK at 50 °C. Research and development concerning
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improving PUR insulation is ongoing. However, it is very difficult to achieve major
improvements. An alternative is to replace a part of PUR insulation with Super Insulation
Materials (SIM) which have 2-4 time lower thermal conductivity than PUR. Combining PUR
and SIM, hybrid insulation, is the most technically feasible solution for development of high
thermal performance district heating pipes.

Research related to hybrid insulation of the pipes, initiated in 2011 at Chalmers University of
technology, department of Architecture and Civil engineering where a layer of SIM was added
close to supply pipe. Two type of superinsulation material, aerogel blanket and vacuum
insulated panels (VIP) were investigated as alternatives for hybrid insulation, see Figure 1.

<«—— Diffusion barrier

<«——— Core protection

<«——— (Core material

Figure 1. Hybrid insulation district heating (single/twin) pipe with VIP (left). In a VIP, the core
material is enveloped by a diffusion barrier (right)

Samples and prototypes of hybrid insulation pipe were produced for investigating
compatibility of SIM with polyurethane and investigating mechanical and thermal
performance of the final product. Both types of selected SIM fulfilled the essential function
described in (EN253, 2009). However, thermal performance of VIP was higher than aerogel
blanket thus VIP was selected for further investigation.

Apparent thermal conductivity of VIP in a cylindrical geometry and expected lifetime of a
VIP at a high temperature district heating network are of special interest for using VIP in
district heating pipes. According to VIP manufacturer the maximum operative
temperature of an ordinary VIP is about 80-90 °C which is lower than the peak temperature
in a high temperature district heating system.

The aim of this paper is to present how the apparent thermal conductivity of a VIP can be
determined and also present the results of analyses related to lifetime estimation of VIPs by
measurement at laboratory and in operational environments.

APPARENT THERMAL CONDUCTIVITY

District heating pipes, single and twin pipe, vary in diameter thus the estimation of thermal
performance of a hybrid insulated pipe with VIP needs determination of the apparent thermal
conductivity of VIP for each pipe size. The thermal conductivity in the center of a VIP is
declared to be between 3-5 mW/mK. To obtain the vacuum in a VIP, the core material
is enveloped by an air and moisture diffusion barrier, see Figure 1, which is commonly a
metalized polymer laminate or an aluminum laminate with a thermal conductivity 50-250
times higher than the center of VIP. The different thermal conductivities of the materials
lead to thermal bridging effects at the edges of the panels. The linear thermal transmittance
values for the edges of a plane panel can be calculated by procedures described in
(ISO-102011, 2007). The influence of thermal bridges varies with the geometry of the
panel, the core material and the type of diffusion barrier. The liner thermal transmittance of
a number of different geometries for a plane VIP were calculated in (Sprengard & Holm,
2014). However, the VIP in district heating pipes are cylindrical with a special formation on
one surface, see Figure 3a. The non-
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regular boundary between VIP and the pipe makes numerical calculation related to influence of
thermal bridges on the overall thermal conductivity very difficult and uncertain. Thus, apparent
thermal conductivity of VIP has been calculated in combination with measurements using the
guarded hot pipe method (EN253, 2009).

The results of thermal and mechanical (fulfilling shear stress capacity caused by thermal
expansions of different layers of the pipe) measurement indicates that a 10 mm thick VIP is the
most reasonable thickness for a district heating pipe. Thus, the apparent thermal conductivity
was determined for 10 mm thick VIP. Furthermore, manufacturing parameters related to
production of a district heating pipes restrains the length of the VIP to 1 meter. The width of
the panel is equal to the circumference of the supply pipe. The mounting of VIP around a supply
pipe can be done in two ways ‘edge to edge’ or with overlapping, see Figure 3b.

Five measurements were performed for determination of steady state heat flow by the guarded
hot pipe method. The first measurement, reference measurement, was performed in order to
determine thermal properties of the pipe insulated by pure PUR. Two measurements were
performed on hybrid insulated pipe for each mounting procedure. The pipes in the
measurements were single pipe DN80/180 (supply pipe diameter/casing pipe diameter). The
VIP insulation surrounding the supply pipe, see figure 1. The temperature of the supply pipe
was about 80 °C and the temperature of casing pipe was about 22 °C.

Figure 2. a) Surface of a cylindrical VIP b) overlap mounting of VIP

The apparent thermal conductivity of the VIP can be calculated by using the measured heat flow
and equation 1.

AT
q= ln(rHl) (1)
N T
i=1 271,'.2.['

Where q (W/m) is heat flow, AT (°C) is the temperature difference cross insulation material, r
(m) is the radius of each layer and A (W/mK) is thermal conductivity of each layer.

The calculated apparent thermal conductivity of a 10 mm thick VIP with a length of 1 m and a
width of 0.28 m (edge-to-edge) is presented in Table 1.

Table 1: Measured heat flow and calculated thermal conductivity for the pipes and apparent
thermal conductivity of VIP for two different mounting procedures.

Sample q [W/m] AEPE (mW/mXK] Ao iplApparant i\ m K]
Reference 14.7 28 -
Edge-to-Edge 10.8 19 12
Overlap 9,2 17 9
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The results presented in Table lindicate that the thermal performance of the hybrid insulated
pipe is 30-60% better than the reference pipe. However, it should be mentioned that the thermal
conductivity of PUR insulation in this test is higher than ordinary PUR insulation. One reason
is that the PUR in these measurements are handmade. In further investigations overlapping the
edges of the VIP will be used. Furthermore, apparent thermal property of VIP was about 9
mW/mK which will be used for calculation of thermal performance of single and twin pipes.

LIFETIME ESTIMATION OF VIP

The hybrid insulation of the pipes was based on replacing 10-20 mm of PUR by VIP. As long
as the VIP is not penetrated the thermal performance of the hybrid pipe will be better than a
pipe insulated by pure PUR: If the VIP is penetrated for any reason, aging or damaged during
production, then thermal conductivity of VIP will be around 21 mW/mK which is still better
than thermal conductivity of PUR. Thus, the pipe will still fulfil its thermal performance.

According to manufacturer of VIP the maximum operating temperature of a VIP is around 80-
90 °C. However, the declared values are based on laboratory measurements when all sides of a
VIP is exposed to uniform temperature level. In a pipe the temperature will not be evenly
distributed throughout the cross section of the insulation, but will rather form a gradient. Thus,
laboratory and field tests concerning lifetime estimation of a hybrid insulated pipe and related
temperature levels were initiated in 2012.

Laboratory test

The laboratory test was initiated at the end of 2012 and it is still ongoing. The tests were
designed for mean temperature of 90°C over cross section of VIP in a hybrid insulated pipes
(80/180) i.e. a supply pipe temperature of 115 °C and backside temperature of VIP 65°C. A
hypothesis is that the sealing of the VIP envelope is the weak point of the diffusion barrier.
Thus, the joints (sealing in a VIP) were folded around the edge making the distance to the
service pipe as long as possible. Temperature gauges were installed inside the pipe, on backside
of the VIP (center part) and on the service pipe, and on the casing pipe.

Using measured data and equation 2 make it possible to find a relation between thermal
conductivity of PUR and thermal conductivity of VIP. Assuming that the ageing of PUR is
negligible, it is possible to indicate the changes in thermal conductivity of the VIP.

Apyr _ ATyip _ In(Arpygr/Topur + 1)
Avip ATpyr  In(Aryip/Toyip + 1) 2)

Where ATy;p and ATpyr are temperature gradients over the cross section of VIP and PUR,
Aryp and Arpyg are thickness of VIP and PUR respectively. 1y ;p and 1y pyr are internal
radius of VIP and PUR in a cylindrical coordinate system.

The supply pipe temperature was controlled to be 115 £ 3 °C. The ambient temperature
in laboratory varied between 21 and 27 °C. The measured results of five last years
(2013-2015) were analyzed in order to determine a time dependent degradation
coefficient for thermal conductivity of VIP. The results of the analyses are presented in
figure 3. A decrease of the ratio indicates that the thermal conductivity of VIP increases.

The ratio is decreased during the first 13 weeks and between weeks 13-78 the ratio is
stable around a mean value of 3.95. This means that the VIP has a thermal conductivity which
is about 4 times better than PUR. The mean temperature of PUR is about 40°C, thermal
conductivity of
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PUR at 40 °C is about 27 mW/mK thus the center of VIP has a thermal conductivity of about 7
mW/mK in this setup.

A failure in the devices which maintain the supply pipe temperature lead to losing data for a
number of weeks, see figure 3. The failure has no influence on the pipes and thermocouples.
The measurements started again at week 86. The mean value of the ratio between week 86 to
260 is 4.25 i.e. 7% higher than the ratio before failure. There is no reasonable explanation for
the increasing ratio before and after failure.

4,6

4 .2. - ) ’
Eaiy,
3,85 o o 00

0 26 52 78 104 130 156 182 208 234 260
Time (week)

Figure 3. Variation of the ratio of thermal conductivity PUR and VIP in time.

There is a slight increase of the ratio observed between weeks 112 to 260, see figure 3. It is
expected that both VIP and PUR will be degrade. It is difficult to determine the level of the
degradation in each material. However, the results indicate a faster degradation of PUR than
VIP.

Field measurement

Performance of the hybrid insulated pipes should be investigated in an operational environment.
In field measurements the boundary condition of the pipes are quite different compared to
laboratory tests i.e. the pipes lay about 1 meter below ground surface and they can be exposed
to ground water flow. Furthermore, the pipes in the field station are generally twin pipes. The
boundary conditions and the type of the pipes increases the complexity of analysing thermal
performance of the hybrid insulated pipes.

Since 2013 five field stations were initiated in Sweden. The total length of pipe in each station
is 6 meter. The pipe was divided in two parts, hybrid insulated pipe (3m) and reference pipe
insulated by pure PUR (3m). The thickness and length of VIP were 10 mm and 1 meter. The
VIP insulation enclosed the supply pipe. The size of the twin pipe was matched to size of the
pipe in DHN. A number of thermocouples were imbedded in both parts of the pipe and on the
casing pipe. The thermocouples in the reference pipe were placed in positions that they can be
compared to the hybrid insulated pipe i.e. thermocouples S-VIP and S-PUR, see figure 4.

The temperature of the supply pipe follows the temperature level of DHN in the area. The results

obtained from field measurement were used for validation of a numerical model. The numerical
model and the results based on measurements during 2013-2016 were presented in (Berge,
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Hagentoft, & Adl-Zarrabi, 2016) and (Berge A. & Adl-Zarrabi, 2014).The results of the
numerical analyses showed that a total reduction in the energy loss between 20% and 30%
compared to pipes of the same size with pure PUR insulation. Furthermore, the losses from the
supply pipe decreased by up to 56%

Figure 4 Position of VIP (dashed lines) and thermocouples in the twin pipe. PU1, PU2, VIP1
and VIP 2 sections where thermocouple positions were mounted.

The simulations also show that a slower deterioration process could be hidden in the responses
to other variations in the system(Berge et al., 2016). The measured results during 2017-2018
were analysed and the results supported the same conclusions as presented in 2016.

CONCLUSINS

The apparent thermal conductivity of a VIP in district heating pipes varies with dimension and
type of the pipe. The apparent thermal conductivity of a 10 mm thick VIP at 50 °C used for
insulation of a 40 mm supply pipe is about 9 mW/mK which can be used as a benchmark.
Hybrid insulated district heating pipes reduce the heat losses by 20-30% for a twin pipe and by
more than 50% in a single pipe. The results of field measurements show that hybrid insulated
pipes using VIP fulfil their function after five years in an operational environment. Thus, hybrid
insulated pipes by VIP have potential to improve long-term thermal performance of the district
heating network.
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ABSTRACT

The global rate of improvement in energy efficiency have to be increased to reach the UN
sustainable development goals by 2030. Super insulation materials (SIM) can maintain the same
thermal transmittance with a thinner insulation layer compared to conventional insulation
materials. Recommendations and experiences from practical applications are needed to raise
the knowledge and awareness of using SIM in buildings. Evidences related to real-condition
performance need to be presented and independently assessed. The aim of this paper is to
describe the state-of-the-art in the area of SIM in building applications based on monitoring
data related to long-term performance of vacuum insulation panels (VIP). Both VIP and
advanced porous materials (APM) have been successfully installed over the past 15 years in
buildings. This paper presents a case study where the temperature and relative humidity of a
wall were monitored for seven years. The results of the monitoring indicate that the VIP fulfil
its function with no sign of degradation. By continuous product development, the performance
of the SIM are improved for every generation which gives a promising outlook for the wider
implementation of SIM in the building envelope.

KEYWORDS
Super insulation material, aerogel, VIP, renovation, energy efficiency, building

INTRODUCTION

There is presently a focus in the European Union to decrease the carbon dioxide emissions from
the built environment. On the global arena, the UN sustainable development goals put focus on
integrating climate change measures. By 2030 the global rate of improvement in energy
efficiency should be doubled. This requires new and more energy efficient materials to be
developed and evaluated. Conventional insulation materials require a certain thickness to reach
a sufficient thermal transmittance. Super insulation materials (SIM) can maintain the same
thermal transmittance with a thinner insulation layer. Products are available on the market
which offer down to one tenth of the thickness required for conventional insulation materials.
This is especially interesting in retrofit applications and in areas with limited land accessibility.

In many of the field studies reported in the literature only the thermal performance of the
assembly was investigated (Johansson, 2012). However, also other parameters, such as the
moisture performance, is important to consider. Recommendations and experiences from
practical applications are needed to raise the knowledge and awareness of using SIM in
buildings. Evidence related to real-condition performance needs to be presented and
independently assessed. Full scale experiments provide knowledge of practical and technical
difficulties as well as data for service life estimation. For certain conclusions to be drawn from
case studies, long-term monitoring is needed. Unfortunately, monitoring is only performed in
few case studies reported in the literature.
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One of the International Energy Agency’s (IEA) Energy in Buildings and Communities (EBC)
Programme’s objective is to enable research and development programmes (Annex) on the
building envelope among its 24 member countries. During 2014 the Annex 65 ‘Long Term
Performance of Super-Insulating Materials in Building Components and Systems’ was initiated.
The work was divided in 4 tasks where task 3 concerned field scale performance of SIMs. The
focus of the work was to define the application areas of SIMs and to describe the conditions of
the intended use of the products having building retrofit in mind (Adl-Zarrabi & Johansson,
2018).

The aim of this paper is to build on the conclusions of the Annex based on monitoring data
related to real-life performance of VIP in buildings. By presenting the state-of-the-art in SIM
applications in buildings and a case study with 7 years of monitoring data of a VIP wall
installation, future research directions and recommendations for further actions are presented in
the area of SIM in building applications.

SUPER INSULATION MATERIALS

Conventional insulation materials use entrapped air as insulator inside a porous matter.
Examples of these are mineral wool, expanded polystyrene and polyurethane. By using different
additives, the thermal conductivity can be reduced by targeting the three main heat transfer
mechanisms presented in Figure 1 (Berge & Johansson, 2012).
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Figure 1. Thermal conductivity in porous materials divided into the three main heat transfer
mechanisms (adapted from (Simmler et al., 2005)).

The total thermal conduction can be reduced down to a minimum around 30 mW/(m-K), which
can be compared to stagnant air which has 25 mW/(m‘K). Therefore, in this paper SIMs are
defined as materials having a thermal conductivity lower than stagnant air (A = 25 mW/(m-K))
To reduce the thermal conductivity further, the heat transfer through the gas has to be reduced.
This can be achieved by a) hindering the gas movements in the pores by reducing the pore size,
b) removing the gas, or ¢) a combination of both a) and b) (Berge & Johansson, 2012).

In the context of Annex 65, SIM were divided in advanced porous materials (APM) and vacuum
insulation panels (VIP). APM are materials where the heat transfer through the gas is hindered
significantly by the fine pore structure. These can further be divided in two groups, porous
silica, e.g. based on fumed silica, and aerogels. APM have been installed since the early 2000s
in buildings (case studies) and assemblies. The products available on the market are more
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similar to conventional insulation materials in most aspects. However, knowledge related to
behavior of AMP are needed for performance prediction at the material, component and
building scale. The aerogel based products, such as blankets, are in general vapor permeable
and hydrophobic.

The second group of products is VIP. Here the contribution of heat transfer through the gas is
suppressed by evacuation. These can be further divided in different core materials (fumed silica,
glass fiber, polyurethane, expanded polystyrene and others), different envelopes (metalized
film, aluminums laminate, stainless steel, glass, or combinations), and with or without a getter
and/or a desiccant. Since VIP have less similarities to conventional insulation materials these
products will be the focus of this paper.

Generally there are a number of challenges remaining when using VIP in buildings. The first
challenge is the cost versus performance ratio. The thermal performance of VIP is practically 5
times better than conventional materials while the price is generally around 10 times higher.
There are applications where the high performance and cost can be reasonable. The second
challenge is the long-term performance of VIP. The service life of a building is 25-100 years
while the VIP for building applications have been developed in the recent decades. The third
challenge is that the construction market is a conservative market, regulated by numerous codes
and standards, and thus, introducing new products takes a long time. The fourth challenge is
knowledge and awareness among designers concerning using VIP. To provide answers to these
challenges, field studies can provide insight on how the materials perform during normal use
conditions (Adl-Zarrabi & Johansson, 2018).

During the years several research projects have focused on evaluating VIP in the field. The
possibilities to use VIP in buildings was investigated during 2002-2005 by Binz et al. (2005).
They studied in total 20 constructions with focus on the energy use, thermal bridges and
moisture performance. In a study Heinemann and Kastner (2010) used infrared thermography
to investigate the performance of the VIP after some years of use in the buildings. They
concluded that as long as the VIP is not damaged at installation, about 95% of the VIP will
maintain the vacuum several years. One of the most predominant building elements where VIP
have been used is in flat roofs. At Empa in Switzerland researchers have monitored a roof
construction containing VIP since 2004. Brunner and Ghazi Wakili (2014) measured the
thermal conductivity of the VIP which had increased to 6.6-7.0 mW/(m-K) after 9 years. This
is an increase of 65-75% from the initial thermal conductivity of 4 mW/(m-K). However, it is
still well below the thermal conductivity of conventional insulation materials and the thermal
conductivity of the core material at atmospheric conditions, 20 mW/(m-K).

CASE STUDIES USING VIP

Full scale experiments provide knowledge of practical and technical difficulties as well as data
for service life estimations. For certain conclusions to be drawn from existing case studies, long-
term monitoring is essential. Unfortunately, monitoring is only performed in few case studies.
In total 22 case studies using VIPs, spread over 10 countries on 3 continents, were collected
within Annex 65. The design process, practical aspects and results were described for each of
these case studies. Of the 22 case studies only 4 were monitored and of these 2 were laboratory
setups and 2 were field test of an external wall. The installation of the VIPs is the critical process
which calls for inspection of the VIPs at the construction site before installing them.
Considering the large amount of installed VIPs in case studies reported in Annex 65 in different
countries (Figure 2) it is a pity that not more cases have been followed up.
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Figure 2. Installed VIP (m?) in case studies in Annex 65 (Adl-Zarrabi & Johansson, 2018).

In an ongoing study in Gothenburg, Sweden, a renovated building was monitored for 7 years
with data presented for each year. The case study building was a listed building from 1930
which was insulated on the exterior with 20 mm VIPs. The calculated energy use for heating
decreased by 24% (Johansson et al., 2014). Temperature and relative humidity sensors were
installed in the test wall and in a neighboring (non-retrofitted) wall as reference, see Figure 3.

a) b) ©)

Figure 3. a) wall layout after retrofitting with 20 mm VIP and 30 mm glass wool boards, b)
section of the wall layout with the location of the temperature and RH sensors in the wall marked
by the black boxes (not in scale), c¢) installation of the VIP layer with the glass wool boards
creating a thermal bridge between the VIP themselves and between the VIP and windows.

The hygrothermal performance was monitored by sensors integrated in the construction. The
monitoring results for first 5 years were presented in (Johansson et al., 2016). The temperature
and RH in the wall was recorded during 5 years, from January, 2011, to December, 2015. The
measurements showed no sign of deterioration of the VIP and there was a low risk for
condensation in the construction. It was concluded that the hygrothermal performance of the
test wall was substantially better than that of the reference wall (Johansson et al., 2016).

The external air space made it impossible to identify the different panels by thermography. Only
indirect methods, like evaluation of the measured temperatures in the wall, could be used to
follow the long-term performance of the panels. For this analysis the average temperature for
January each year 2011 to 2017 was used to calculate the temperature factor, see Figure 4.
Unfortunately several sensors have been damaged why only one position can be evaluated for
all 7 years.
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Figure 4. The temperature factor of January 2011 to 2017 for the retrofitted and reference walls.
The temperature factor is the percentage temperature decrease over the original wall compared
to the total temperature drop over the wall. The error bars show an accuracy of the sensor of
+0.5°C (adapted from (Johansson et al., 2016)).

In the reference wall about 64% of the temperature drop was over the uninsulated parts. After
the retrofitting only about 17-18% of the temperature drop was over that part of the wall. The
results indicates that after 7 years there was no sign of decreased insulation performance of the
VIP. The results of this case study after 7 years is in good agreement with also the conclusion
from several case studies that were collected in Annex 65 (Adl-Zarrabi & Johansson, 2018).

CONCLUSIONS

During the work of the Annex 65 several questions regarding the long-term performance of VIP
and their application on the building scale were identified and discussed. Based on the
experiences in the case studies, it was possible to identify application areas and the conditions
of the intended use of VIP. It is clear that special care is necessary during installation compared
to conventional insulation materials, since the VIP are sensitive to mechanical puncturing of
the envelope. Therefore, there may be a need for certification of craftsmen and need of special
training.

The building industry is generally conservative to new solutions and materials. The industry is
regulated by numerous codes and standards, and thus, introducing new material takes a long
time. Results obtained by activities in Annex 65 can be used for convincing the building
industry about the performance of SIMs.

The ongoing standardization on the material and product levels may trigger building
components with VIP to be introduced on the market. There are valuable savings of space when
less area is needed for the building elements which leads to an increased rental income. There
can also be technical reasons to select a VIP, i.e. when conventional insulation materials are not
a practical alternative or for architectural reasons.

The theoretical investigations and first practical tests showed that VIP, especially those with
fumed silica core, are expected to fulfil the requirements on durability in building applications
for more than 50 years. Both VIP and APM have been successfully installed over the past 15
years in buildings. However, real experience from practical applications exceeding 15 years for
VIPs is still lacking.
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The long-term performance (25-100 years) cannot be entirely determined due to lack of data
for longer time period exceeding 15 years. However, as seen above and more thoroughly
discussed in the report of Annex 65, there were few claims concerning the malfunction of SIM
in construction. The products are in continuous development and the VIP that were installed
several years ago are no longer available on the market. By continuous product development
the performance of the products are improved for every generation which gives a promising
outlook for the wider implementation of SIM in the building envelope.
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ABSTRACT

The effect of air pressure on moisture transfer inside porous building materials cannot be
ignored in cases in which air cannot escape through the surfaces of the materials; in such
cases, the air is compressed by the movement of the moisture. Therefore, in a situation in
which most surfaces of a specimen are sealed or treated with surface-protecting materials (a
situation that is often encountered in typical water-absorption tests), the experimental results
may differ from those without sealed or treated surfaces. In the present study, the influence of
air pressure on moisture transfer was investigated quantitatively.

First, the following water-absorption test was conducted. Water infiltrated into a brick through
its top surface, whereas the side surfaces were sealed to prevent the transfer of moisture and
air. The bottom surface was exposed to the ambient air. The water content was measured two-
dimensionally during the experiment using gamma-ray attenuation. Next, to investigate how
air pressure affects water infiltration, another experiment was conducted after sealing the
bottom surface. The air inside the brick was expected to be compressed by the infiltrating
water when the bottom surface was sealed. A water-absorption test was then performed after a
small hole was made in a side surface of the bottom-sealed brick to reduce the interior air
pressure. Finally, we analyzed the experiments numerically using a three-dimensional
calculation model for simultaneous air and moisture transfer, assessing the validity of the
model by comparing the calculated and measured water contents.

The experimental and numerical results show that water infiltration is slowed by higher air
pressure inside the specimen when it is difficult for air to escape. It is also shown that the hole
in the side surface helped limit the rise in air pressure to some extent.

KEYWORDS
Air pressure, Water absorption, Numerical analysis, Gamma-ray attenuation

INTRODUCTION

In water-absorption tests and measurements of water permeability, it is common to seal the
side surfaces (and sometimes also the bottom surface) of the specimen to make the moisture
transfer unidirectional. In addition, water-absorption tests are widely used to understand how
the water-absorption rate and moisture properties are changed by surface treatments such as
waterproofing and water-repellent coatings. However, because the sealed or treated surfaces
may prevent the movement of not only moisture but also air, moisture infiltration may
increase the air pressure in the material, thereby affecting the moisture movement.

Descamps (1997) used water-absorption tests and numerical analysis to study how air
entrapment affects moisture infiltration, finding agreement between the measured and
calculated sorption coefficient and inflow-surface water content. However, the moisture
distribution inside the material and its temporal evolution are yet to be examined in detail. By
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comparing the results of water-absorption tests on (i) a brick whose side surfaces were sealed
and (ii) one whose bottom surface was also sealed, we found previously that the water
absorption was clearly delayed in the latter case in which air could not escape from the brick
other than through the top surface where water was absorbed (Fukui et al. 2018). In addition,
we analyzed those experiments numerically using a one-dimensional model of simultaneous
air and moisture transfer. However, the validity of that numerical model was not demonstrated
satisfactorily because we did not consider multidirectional air flow and non-uniform
distribution of air pressure in the specimen. Such effects arise from non-uniform material
properties and from air bubbles appearing locally and escaping from the water-absorption
surface into the water. We expect that drilling a small hole in one of the sealed surfaces would
help prevent the increased air pressure from hindering moisture transfer. However, how such a
hole affects the moisture transfer inside the material is also yet to be revealed quantitatively.

Therefore, in the present study, we conducted water-absorption tests on a brick to investigate
how air pressure affects moisture transfer and how drilling a small hole reduces that effect.
We also analyzed the experiments numerically using a three-dimensional calculation model
for simultaneous air and moisture transfer, examining the accuracy of the numerical results by
comparing them with the experimental ones.

WATER-ABSORPTION TESTS

Specimens and method

We conducted three experiments (see Fig. 1) on a rectangular brick of size 210 mm x 100 mm
x 60 mm. In the first experiment, the side surfaces were sealed (case 1). The brick was then
dried and the experiment was repeated but with the 210 mm x 100 mm bottom surface now
also sealed (case 2). Finally, the brick was dried again and a 10-mm-deep hole was made in
one of the 100 mm x 60 mm side surfaces of the brick with a 3-mm-diameter drill (case 3).
During each experiment, water was absorbed through the top surface.

Water Reservoir

!

Figure 1. Schematic specimen cross sections for cases 1 (left), 2 (center), and 3 (right).

Hole

/.

Sealing (side and
bottom surfaces)

20-25 mm Water Reservoir 20-25 mm‘ Water Reservoir 20-25 mm

Sealing Sealing (side
100 mm (only side 100 mm and bottom 100 mm

surfaces) surfaces)

In the water-absorption tests, we used gamma-ray attenuation to measure the distribution of
water content. Following Nielsen (1972), we determine the volumetric water content from the
fraction of gamma rays absorbed as they pass through the brick:

L[ 0
l//w /umwpwd I ’

where y,, is the volumetric water content [m*/m’], d is the specimen thickness [m], /y is the
gamma-ray intensity after passing through the wet specimen [cps], and wu, and p, are the
mass attenuation coefficient [m”*/kg] and the density [kg/m’] of liquid water, respectively. I is
the gamma-ray intensity after passing through the absolutely dry specimen [cps]. However,
because the value of y,, is very low for an air-dried brick, instead of / we use the gamma-ray
intensity after passing through the specimen in equilibrium with the ambient laboratory air. To
determine I, and / in Eq. (1), we used a measuring device whose gamma-ray source and
detector could be moved vertically and horizontally on a plane normal to the direction of
gamma-ray propagation (Fig. 2a). The 210 mm X 100 mm surface of the brick was irradiated
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with gamma rays. At each measurement cycle, we measured the water content at 20 points
(see Fig. 2b). We set the x and z axes as shown in Fig. 2b and the y axis as the direction of the
gamma rays. To reduce noise, we measured for 40 s to obtain each data point. We stopped
measuring from time to time to refill the water reservoir above the specimen, maintaining a
water depth of 20-25 mm. We weighed the specimen before and after each experiment. We
used an air conditioner to maintain the laboratory temperature at around 21°C, but we did not
control the relative humidity (which fluctuated between 45% and 70%).

o Measuring 210 mm
points 40mm
Radiation source Water reservoir Detector X
Collimator \ T
Collimator 100 mm‘ ’T z=80mm
Height+\ | . -7 B v [ 3~
¢ k ............... - — %20 mm

/ 105 mm | Hole for case 3
Depth Specimen Gamma-ray z

a) b)

Figure 2. a) Schematic of apparatus used for gamma-ray attenuation. b) Points used to
measure water content by gamma-ray attenuation.

Results and discussion

From observations made when the measurement was suspended, air bubbles appeared on the
top surface of the brick and escaped into the water in case 2, whereas no such bubbles were
observed in cases 1 and 3. Because air in the brick could escape through the bottom surface in
case 1 and from the hole drilled in the side surface in case 3, air compressed by moisture
infiltration near the top surface might have moved downward because of the air pressure
gradient rather than escaping as bubbles through the top surface.

In Fig. 5, the water content measured in each experiment is shown as the data points, with the
calculation results (described later) shown as the lines. Here, the results at z = 80 mm are
shown as typical examples. Figure 5 shows only those data obtained during the 8 h after the
start of each experiment; the water content changed little after that time. The water content
clearly increases later in case 2 compared with case 1. In case 3, the water content increases at
almost the same rate as in case 2, indicating that the hole did not completely prevent the rise
in air pressure from hindering moisture infiltration. The results were nearly the same in
cases 2 and 3 because the air bubbles (case 2) and the hole (case 3) might have suppressed the
rise in air pressure inside the brick.

In each experiment, the increase in water content was slowest at x = 0 mm (i.e., the center of
the brick), becoming faster nearer the side surfaces (i.e., larger absolute values of x). The
sealed side surfaces and/or the horizontally non-uniform material property such as moisture
diffusivity may have affected the moisture transfer. In case 3, the water content at x = 80 mm
increased faster than did that at x = =80 mm. During that experiment, the air in the brick
escaped from the hole, thereby lowering the air pressure at the right-hand side of the specimen.
Therefore, the movement of moisture in the right half was hampered less than it was in the left
half.

ANALYSIS OF SIMULTANEOUS AIR AND MOISTURE TRANSFER

In this section, we analyze case 1 numerically to estimate the moisture diffusivity of the brick.
We then use that moisture diffusivity to analyze cases 2 and 3 to assess the validity of the
calculation model for simultaneous air and moisture transfer.

147



7th International Building Physics Conference, IBPC2018

Basic equations, calculation models, and calculation conditions

In the field of soil science, Green et al. (1970) proposed a model for air and moisture transfer
and verified it using a water-absorption experiment. Referring to that model, we use the
following two equations based on Darcy’s law and mass conservation:

8,0 78 k VP — p,8n
—fara _\J_4 ’
ot {g ( ’ ’ )} ( )
6() \V/ V —pP,gn
%_ {//i/'p( Rv w )}’ ( )

where p is the density [kg/ms], y is the volume fraction [m*/m’], ¢ is time [s], k, is the
coefficient of air permeability [m/s], g is the acceleration due to gravity [m/s’], A’p is the
water permeability due to the water pressure gradient [kg/(m-s-Pa)], P is the pressure [Pa], n is
the unit vector in the direction of gravity, and the suffixes a and w refer to air and water,
respectively. Here, we consider the compressibility of air but neglect that of liquid water, it
being very small in comparison. We use the finite-difference method in the analysis, and the
basic equations are discretized by the central difference for space and the forward difference
for time. The spatial differential interval is 1.67, 2, and 1 mm in the x, y, and z directions,
respectively. The temporal differential interval depends on P,: for case 1, it is 10 s for
P, <-10% 10" s for —10® < P,, < —10°%, and 0.02 s for P,, > —10°%; for cases 2 and 3, it is 10 ® s
for P, <—10% 5 x 10 s for 108 < P,, < —10% and 2.5 x 10 * s for P,, > —10°. Here, P,, is the
water pressure relative to atmospheric pressure.

Figure 3 shows the calculation models. We used the average temperature and humidity over
the previous 24 h in the laboratory as the initial conditions of the brick for each experiment
(case 1: 20.9°C and 55.8%; case 2: 20.8°C and 49.1%; case 3: 20.8°C and 64.1%). In cases 2
and 3, we took the initial air pressure in the brick to be atmospheric pressure. In case 1, the
bottom surface was exposed to the ambient laboratory air (the vapour pressure was in
equilibrium with an average temperature of 21.0°C and humidity of 63.5% during the
experiment); we set the coefficient of moisture transfer between the bottom surface and the
ambient air to 1.25 x 10~ kg/(m”-s-Pa).

No water flow P,=0,P, =P, P, =0, No air flow Hole

P,=0
(side surfaces) \ \ (Pg = Patm)

100 mm’ l / l ’100 mm 100 mm‘ l —H

60 mm . . 60 mm /" 60 mm
*——————Average vapor No air and water No air and water
210 mm pressure < 210 mm ” flow (side and 210 mm flow (side and
in the laboratory bottom surfaces) bottom surfaces)

Figure 3. Calculation models for cases 1 (left), 2 (center) and 3 (right).

Because air bubbles were seen escaping from the top surface of the brick in case 2, the top
surface was clearly not fully saturated with water. Therefore, in the calculation model we
assumed water flow from the water reservoir to the top surface. We assumed there to be a
moisture-transfer layer on the top surface of the brick, for which we used the Robin boundary
condition. We set the coefficient of moisture transfer to 8.39 x 10~/ kg/(mz-s-Pa) to ensure that
the experimental and numerical results agreed in case 1. In case 2, to simplify the model, we
distributed the local air loss due to the air bubbles uniformly across the top surface. Therefore,
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the boundary condition for the air at the top surface was again the Robin boundary condition;
the external condition was atmospheric pressure and we set the coefficient of air transfer to
40 x 10" kg/(mz-s-Pa). In case 3, we modelled the hole as a rectangular parallelepiped that
was 9.17 mm long, 3 mm high, and 2 mm wide, thereby having nearly the same surface area
as the actual hole. We took the air pressure at the hole surface to be atmospheric pressure, and
we neglected any flow of moisture through the hole.

Material properties used in calculation

Figure 4a shows the adsorption isotherm of the brick, which we estimated from Kumaran
(1996). However, we determined y, at saturation by the mass of absorbed water in case 1.
According to Descamps (1997), the air permeability decreases rapidly with water content in
areas of high humidity. Therefore, we took %, to be a function of i, as in Fig. 4b. Here, we
took k, in the dry state to be 2.95 x 10~ m/s so that the experimental and numerical results
agreed in case 3. Figure 4c shows the moisture diffusivity D, by volumetric water-content
gradient at saturation as a function of x, and Fig. 4d shows D, as a function of v, at x = 0,
+40, and +80 mm. We introduced non-uniformity of D, in the x direction because the
calculated rate of increase of water content did not agree with the experimental results when
the calculation model neglected the non-uniformity of this material property. In addition, the
moisture diffusivity of a brick increases rapidly in regions of high water content (Kumaran
1996). We calculated A’p in Eq. (3) from D, by A’» = (D, /py) * (0w, /0u), where u is the
water chemical potential for free water [J/kg]. In the analysis, we considered no other material
properties to be non-uniform other than D,. We did this (i) because the water content in the
steady state is largely the same at all measuring points, as shown in Fig. 5, and (ii) to simplify
the model.
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Figure 4. Material properties of the brick: a) adsorption isotherm; b) coefficient of air
permeability as a function of water content; c) moisture diffusivity at saturation as a function
of x; d) moisture diffusivity as a function of water content.

Calculation results and discussion

The time profiles of the calculated water content for the first 4 h are shown in Fig. 5 along
with the experimental results. Because the measured water content is the average along the
line of the gamma rays, we show numerical results averaged in the y direction. Because the
numerical results for case 1 agree well with the experimental ones (Fig. 5a), we applied the
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moisture diffusivity identified in case 1 to cases 2 and 3. In cases 2 and 3, the numerical
results (Fig. 5b and c, respectively) also agree reasonably with the experimental ones except
for the point at x = 0 mm, where the calculated water content rises slower than in the
experiment for case 3. Calculation models that consider non-uniformity in the y and z
directions may improve such agreement.
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Figure 5. Calculated and measured water content for a) case 1, b) case 2, and c) case 3.

CONCLUSIONS

This study has shown that moisture infiltration in a water-absorption test is slowed
considerably when air cannot escape from the specimen. It was also shown that making a
small hole in the side of the specimen suppresses the rise in air pressure inside the specimen
to the same extent as does air loss due to air bubbles; however, such a hole hardly changes the
rate of increase of water content. Furthermore, a three-dimensional model of the simultaneous
transfer of air and moisture can predict reasonably well the water content measured in the
water-absorption test. Further studies of how the depth, area, and location of the small hole

affect the ability of the rise in air pressure in a specimen to hinder moisture infiltration should
be conducted.
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ABSTRACT

Phase change humidity control material (PCHCM) is a new kind of composite made of high
performance PCM microcapsules and diatomite. The PCHCM composite can moderate the
hygrothermal variations by absorbing or releasing both heat and moisture and significantly
reduce the peak/valley values of indoor temperature and relative humidity. In this paper, a
novel model is developed to evaluate the energy performance of office buildings with
PCHCM. The model is validated by a series of experiments, and then applied to investigate
the effect of PCHCM on energy consumption in different typical climates worldwide (i.e.
Beijing, Paris, Atlanta, and Guangzhou). Results show that high values of energy efficiencies
can be obtained in the climates which characterized by a wide amplitude of temperature and
humidity difference all day along (Paris and Atlanta). Noteworthy, the highest potential
energy saving rate could be up to 19.57% for the office building in Paris.

KEYWORDS
Phase change humidity control material, HAMT, Enthalpy method, Energy consumption

INTRODUCTION

Nowadays, increased energy demand has resulted in environmental issues worldwide
(International Energy Agency, 2012). Building sector represents about 40% of global energy
consumption and produces 30% of global greenhouse gas emissions annually (United Nations
Environment Programme, 2009).The energy consumption of heating, ventilation and air-
conditioning (HVAC) system accounts for 50% of building energy consumption in developed
countries (Dincer, 1998). For this reason, it’s essential to reduce the energy consumption of
HVAC systems. The application of innovative building materials which can control the indoor
hygrothermal condition at a relatively comfortable level is a promising way of energy saving.

The phase change materials (PCM) and porous hygroscopic materials are commonly used to
moderate the indoor hygrothermal fluctuations (Barreneche et al. 2013; Evola et al. 2013;
Andersen and Korsgaard, 1986; Toftum et al. 1998).However, those two kinds of material
cannot simultaneously regulate the indoor temperature and humidity. Therefore, the phase
change humidity control materials (PCHCM) that have the capability of both thermal and
moisture buffering were prepared by our research group (Chen et al. 2015; Chen and Qin,
2016). The synthesis of novel phase change humidity control material (PCHCM) was
achieved by using composite microencapsulated phase change material (MPCM) and
diatomite. The PCHCM can moderate indoor air fluctuations of temperature and relative
humidity by absorbing or releasing both heat and moisture.

Currently, the coupled heat and moisture transfer (HAMT) model proposed by Kiinzel (1995)
is the most used and validated model to calculate the coupled heat and moisture transfer
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through porous building materials. On the other hand, the enthalpy method that can evaluate
the general convection and diffusion phase change process was proposed by Voller et al
(1987). However, very few models can be used to calculate the coupled heat, air and moisture
transfer with phase change process.

The objectives of this study are: (1) to propose a novel mathematical model for calculating the
coupled heat, air and moisture transfer with phase change process; (2) to analyse the energy
saving effect of PCHCM in different climates.

METHODS
Methodology
The following equations are taken from HAMT model (Kiinzel, 1995). The heat balance of
building envelops can be described in equation (1):
a—Ha—TZEEkwa—Tj+hvi[é—a((ppm)j (1)
oT ot ox ox ox\u Ox
where H is the total enthalpy of material (kJ/kg), T is the temperature (°C), ¢ is the time (s), x
is the thicknes (m), &, is the heat conductivity coefficient (W/m-K), 4, is the vaporization
enthalpy of water (kJ/kg), J is the vapor diffusion coefficient in air (kg/(m-s-Pa)), u is the
resistance coefficient of moisture, ¢ is the relative humidity, Pgy is the partial pressure of
saturated water vapor (Pa).
The capacity of heat storage can be expressed as:
OoH
oT
where cqry 1s the specific heat capacity of dry materials (J/kg-K), p is the density of water
(kg/m’), Cpvapor 18 the specific heat capacity of water vapor (J/kg-K), w is the water content
(kg/m?).
Equation (3) describes the mass conservation of building envelops:

= cdryp dry + cp,vapora) (2)

0w 0 0 0w 0 o 0
=D, S (R, 3
op Ot Ox 0p Ox ) pox
According to the enthalpy method, the enthalpy H,,, can be expressed as:
H dry = cdryT + Ly lig 4)

where Hgy is the enthalpy of dry material (kJ/kg), Lnea 1s the latent enthalpy (J/kg), fiiq is the
Liquid fraction.

The relationship between the specific heat capacity of dry material and temperature can be
described by enthalpy method (Voller et al. 1987):

oT oH

dry

pdrycdryazpdry 81‘ (5)

The combined equation can be written by plugging the Eq. (2) and (4) into equation (1):
OH
pd —dry+Cl)C va ora_ng(kwa_TJ'i'hvi éa((opﬁm) (6)
Yoot P or ax\ Y ox ox\u  ox

Combining with the moisture transfer Eq. (3), Eq. (6) and Eq. (3) are the whole heat and
moisture governing equations of HAMT-Enthalpy (HAMT-E) model.

Validation

In order to verify the coupled HAMT-E model, a test facility with the PCHCM layer was built
in Nanjing University.
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Figure 1. Experimental cabin

As show in Fig. 2, the internal dimensions of the experimental cabin are 3m (depth) X2m
(width) X 2m (height). The cabin are made of 30 mm-thick wood boards and covered with an
insulating material (thermal/humidity) on its four external sides. The 1m (width) X 1.2m
(height) double-glazed window are equipped in the south wall. The interior floor is covered
with a 2 mm-thick PCHCM layer. The phase change temperature range of PCM is 25~27 °C.
The tests are performed with a constant air change rate (ACH) of 0.5 h™. The experiment were
conducted from July 1th to July 10th, 2017.

The temperature and relative humidity were measured both in the inside and outside space of
the experimental cabin. The comparison between the experimental and simulated results is

shown in Fig. 2 and Fig. 3. It can be seen that the high coincide results can be obtained with
the HAMT-E model both in thermal and humidity aspect.

a) b)

Figure 2. The comparison of simulated indoor temperature and relative humidity with the
measured data
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CASE STUDY

The validated HAMT-E model was applied to investigate the impact of PCHCM on building
energy consumption under different climates. Four worldwide cities including Beijing, Paris,
Altlanta and Guangzhou which characterized by typical urban climates were selected as
boundary weather conditions for analysis. The BESTEST base case building (Fig. 3) from the
IEA ECBCS Annex 21 was selected as the test office building (Zhang et al. 2017). The
physical parameters of building envelopes are listed in Table 1. The simulation settings and
boundary conditions can be seen in Table 2 as a office house.

Figure 3. The BESTEST base case building adopted in application examples

Table 1. Physical parameters of different layers in building envelopes.

Construction Material dm) pkgm) c,(0kgK) KWmK) U (W/m*K)
Wall Wooden board 0.010 530 900 0.14 0.474
(from outer layer to inner Rock wool board 0.066 60 850 0.04
layer) Concrete 0.1 1400 1000 0.51

PCHCM layer 0.02 650 975 0.85
Roof Cement panel 0.012 1130 840 0.255 0.307
(from outer layer to inner Rock wool board 0.122 60 850 0.04
layer) PCHCM layer 0.02 650 975 0.85
Floor . Thermal insulating | 60 850 0.04 0.04
(from outer layer to inner layer
layer) PCHCM layer 0.02 650 975 0.85
Window Double glazing unit - - - - 1.99

Table 2. Simulation settings and boundary conditions.

Conditions Office case

Case ID Reference CaseA.l CaseA.2
PCHCM area (m?) 0 63.6 159.6
Heat power (W/m?) 15 (occupied period)
Moisture releasing rate (g/m’ h) 6 (occupied period)
Permissible room temperature range (°C) 18-26 (occupied period)
Permissible max relative humidity (RH) <65% (occupied period)
Air change rate (ACH) 0.5 (2ACH in unoccupied time)
Air infiltration No

Occupied period (h) 09:00-17:00
Unoccupied period The rest of the day
RESULTS

In a typical year, the energy consumption and efficiency of PCHCM applied in office building
are compared (Table 3). The energy saving quantity and efficiency tend to rise with the
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increase of PCHCM’s area. It illustrates that PCHCM could effectively moderate indoor
hygrothermal environment; and a notable energy saving effect could be obtained.

Noteworthy, higher energy saving efficiency can be achieved in Paris and Atlanta, which have
a temperate climate characterized by the wide amplitude of outdoor hygrothermal difference.
Guangzhou has a hot and humid climate. It usually has a high temperature and relative
humidity condition in the whole day. The high outdoor air temperature restrains the
exothermic process of melting of the PCM. Similarly, the high outdoor relative humidity
prevents the desorption process of diatomite. Therefore, the residual heat and moisture in
PCHCM could not be efficiently discharged by the outside hygrothermal environment. As a
result, the cooling loads of air conditioning system cannot be reduced by the efficiency of
daily cyclic procedure of PCHCM.

The values of energy saving efficiency strictly follow the conclusions mentioned above. For
instance, it can be seen that the utilization of PCHCM achieves the high values of energy
saving efficiency in summer typical week. In Beijing, Paris, Atlanta and Guangzhou, the
energy saving efficiencies are 10.22%, 19.57%, 17.82% and 8.76% in CaseA.2, respectively.
Additionally, the highest values of energy saving efficiency can be obtained in Paris with
wide hygrothermal difference and the lowest can be obtained in Guangzhou with narrow
hygrothermal difference.

Table 3. Energy consumption and energy saving of different cities in office buildings (Beijing,
Paris, Atlanta and Guangzhou).

Area of PCHCM
City Load and efficiency Om’ 63.6m’ 159.6m’
(Reference) (Case A.1) (Case A.2)
Total load (kWh m™a™) 78.52 75.41 70.49
Beijing Sensible heat saving(%) - 0.77 7.40
Latent heat saving(%) - 18.98 23.48
Total energy saving (%) - 3.96% 10.22%
Total load (kWh m™ a™) 71.12 64.77 57.21
Paris Sensible heat saving(%) - 0.87 8.82
Latent heat saving(%) - 38.13 58.51
Total energy saving (%) - 8.93% 19.57%
Total load (kWhm™a™) 71.13 67.52 58.45
Sensible heat saving(%) - 0.72 14.83
Atlanta Latent heat saving(%) ; 17.41 2631
Total energy saving (%) - 5.07% 17.82%
Total load (kWhm™a™) 104.57 102.09 95.41
Guangzhou Sensible heat saving(%) - 1.3 10.44
Latent heat saving(%) - 3.83 6.84
Total energy saving (%) - 2.37% 8.76%
CONCLUSIONS

This study intends to investigate the application of PCHCM in office buildings as a passive
method to reduce energy consumption under different climate conditions. In this paper, a
model for analyzing the energy consumption of the PCHCM is developed. The model is
implemented in MATLAB-Simulink, and is validated by performing a series of experiments
and validation tools. By using the model, the energy saving effect of PCHCM in office
building is analyzed.
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The research indicates that the application of PCHCM has the potential to reduce the energy
consumption of office buildings. Overall, the PCHCM presents a melting point of 25~27 C,
which achieves the energy reduction of sensible heat in a summer typical week. Additionally,
the porous structure of PCHCM enables the energy reduction of latent heat in moisture
buffering process. From the analysis of energy saving, the overall energy saving potential of
Paris with temperate maritime climate is found to be the best while the potential of energy
reduction is limited in Guangzhou (located in subtropical humid climate) with high
temperature and humidity all day long. Above all, the numerical results indicate that PCHCM
is suitable for the areas that simultaneously manifest a wide amplitude of hygrothermal
(temperature and humidity) difference.
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ABSTRACT

In this paper, series of experiment measurements is carried out in order to study effect of
freeze/thaw loading on the change of moisture transport properties of autoclaved aerated
concrete. The samples were subjected to 15, 30 and 45 freeze/thaw cycles and subsequently
basic physical properties, pore size distribution and water vapor and liquid water transport
properties were investigated. The results showed significant changes in material properties of
the material. The results of this research can be further implemented into computational
models in order to bring the simulation results closer to the reality.

KEYWORDS
Autoclaved aerated concrete, freeze/thaw cycles, moisture transport properties, damage

INTRODUCTION

The effects of natural environment, such as air temperature, relative humidity, and solar and
wind factors always vary in time, acting on the surface of building materials. Such effects may
cause biological, chemical, or physical degradation of the material (Bertron, 2014; Kordatos et
al., 2013; Sandrolini et al., 2007). When the materials are exposed to low temperatures, the ice
damage needs to be considered in the first place. It is initiated through the nucleation, growth
and interaction of micro-cracks, which usually occur internally. Such processes are manifested
by volume expansion during cooling and by macroscopic cracks that develop after repeated
cycles of freezing and thawing. (Beaudoin and Maclnnis, 1972; Powers and Helmuth, 1953)

The ice damage is usually observed and investigated from a structural or esthetic point of
view as usually strength loss of the material, surface cracks or detachment of renders are of
interest. However, there exist some additional effects of ice damage, which are not apparent at
a first glance. For example, building materials subjected to freeze-thaw loading become more
permeable for the liquid water and water vapor due to the presence of micro- and macro-
cracks in their structure. For that reason those materials become more vulnerable for the rest
of their service life. Therefore, the freeze-thaw effects should be investigated also in this
manner in order to analyze the effect of cracks on the change of moisture transport properties
of building materials and to increase the credibility of service life analyses.

In this paper a series of experiments is conducted in order to investigate moisture transport
properties of autoclaved aerated concrete after repeated freeze-thaw loading. The samples are
fully saturated and subjected to different number of freeze-thaw cycles. Then, after drying
process, for each sample the moisture transport properties, namely water vapor diffusion
resistance factor and apparent moisture diffusivity, are determined and their dependence on
the number of freeze-thaw cycles is investigated and discussed.
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MATERIALS AND METHODS

Studied material

For the investigation of the effect of micro-cracks on the change of moisture transport
properties, an autoclaved aerated concrete (AAC) P1.8-300 produced by company Xella was
selected. Its basic physical, thermal and hygric properties (Jerman et al., 2013; Mad¢ra et al.,
2017) are shown in Table 1.

Table 1. Basic physical, thermal and hygric properties of studied AAC.

Parameter Unit
Bulk density p (kg/m’) 289
Open porosity v (%) 86.9
Specific heat capacity ¢ (J/kg/K) 1090
Water vapor diffusion resistance factor z4,, (-) 15.61
Water vapor diffusion resistance factor s, (-) 6.17
Thermal conductivity Ay, (W/m/K) 0.071
Thermal conductivity Ay, (W/m/K) 0.548
Apparent moisture diffusivity x (m?/s) 7.0210°

For the further laboratory testing, the material was cut and different sets of samples having
specific dimensions were prepared. For the measurement of apparent moisture diffusivity,
rectangular prismatic specimens with the dimensions of 20 mm x 40 mm x 300 mm were
prepared. The water vapor diffusion resistance factor was measured on block samples with the
dimensions 100 mm x 100 mm and height of 20 mm (see Fig. 1), which were cut from the
original AAC block.

Figure 1. AAC samples for measurement of water vapor resistance diffusion factor.

Experimental methods

The prepared samples were subjected to the freeze/thaw loading similarly to freeze resistance
tests defined by CSN EN 15304 (2010). First, the samples were dried, then submerged in
water for 48 hours and left for another 24 hours in the laboratory in polyethylene bags to reach
moisture content equilibration. After that, each sample was loaded by 15, 30 or 45 freeze/thaw
cycles in order to create various amount of micro-cracks inside the material. Freezing period
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was realized for 8 hours at -15 °C, thawing period 8 hours at 20 °C. The samples loaded by
defined number of freeze/thaw cycles were then subjected to particular measurement of water
vapor and liquid moisture transport properties. Simultaneously, the pore size distribution
function of loaded samples was determined in order to provide preliminary information on
changes in material’s pore structure.

The apparent moisture diffusivity was obtained through the measurement of water absorption
coefficient. The water absorption coefficient was determined by free water intake experiment.
The cumulative mass of water in terms of the square-root-of-time rule commonly employed in
the diffusion theory (Crank, 1975) can be expressed as

i=A-1"7, (1)
where i (kg'm™) is the cumulative mass of water and 4 (kg:m?-s™?) is the water absorption
coefficient. Once A4 is known, the apparent moisture diffusivity can be calculated according to
basic formula given by Kumaran (1999)

2
A
K =~ —-, 2
i (Wsat _WOJ ( )

where (m2~s'l) is the apparent moisture diffusivity, wy,, (kg'm'3 ) is the saturated moisture
content and wy (kg-m’S) is the initial moisture content.

The water vapor transport properties were determined by means of water vapor diffusion
resistance factor. For that reason the cup method was employed (Roels et al., 2004), which is
the most frequently used in the practice. The method, defined by ISO (EN ISO 12572, 2001),
is based on one-dimensional water vapor diffusion where the diffusion water vapor flux
through the specimen and partial water vapor pressure in the air under and above specific
specimen surface are measured. Water vapor transition properties of the investigated material
are found by placing a specimen on the top of a cup and sealing it. The water vapor diffusion
permeability d (s) is calculated from the measured data according following equation

s=_omd 3)
S-t-Ap,

where Am (kg) is the amount of water vapor diffused through the sample, d (m) is the sample
thickness, S (m?) is the specimen surface, 7 (s) is the period of time corresponding to the
transport of mass of water 4m, and 4p, (Pa) is the difference between partial water vapor
pressure in the air under and above specific specimen surface. Once the water vapor diffusion
permeability is known, the water vapor diffusion resistance factor u (-) can be calculated
through water vapor diffusion coefficient D (m*'s™) as

S-R-T
D= , 4
M @)
D
== 5
H=7 Q)

where R (kg'm*s2-K ' mol™) is the universal gas constant, M (kg-mol™) is the molar mass of
water, T (K) is the absolute temperature, and D, (m2-s'1) is the diffusion coefficient of water
vapor in the air.
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The pore size distribution function was determined using two different approaches. The
distribution of pores up to 10 pm was determined using mercury intrusion porosimetry, while
the amount of larger pores was calculated from total open porosity obtained by helium
pycnometry.

RESULTS

Following data were obtained using experimental methods described in previous section. The
basic physical properties such as bulk density, matrix density and open porosity are shown in
Table 2. The distribution of pores is shown in Fig. 2.

Table 2. Basic physical properties of AAC

Sample Matrix density p,.. ~ Bulk density p (kg'm®)  Open porosity v (%)
(kg-m™)
unloaded (reference) 2034.0 + 40.7 289.0+4.3 85.1+2.8
15 F/T cycles 2060.4 £ 41.2 281.7+4.2 86.4+2.9
30 F/T cycles 2016.1 £40.3 292.5+4.4 85.5+£2.8
45 F/T cycles 2005.8 +40.1 285.0+4.3 85.8+2.8
2.5
2
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Figure 2. Pore size distribution of studied AAC
The measured water vapor and liquid water transport parameters are shown in Table 3.

Table 3. Water vapor and liquid water transport properties

Sample Water vapor diffusion Water absorption Apparent moisture
resistance factor i (-) coefficient 4 (kg'm™2's"?) diffusivity Ky, (m*s™)
unloaded (reference) 156+23 0.106 + 0.005 (7.020 £ 0.351) - 107
15 F/T cycles 57+09 0.021 +0.001 (2.652+0.133) - 10”
30 F/T cycles 64+1.0 0.020 £ 0.001 (2.450+0.123) - 10”
45 F/T cycles 6.5+1.0 0.019+0.001 (2.139+0.107) - 10°
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DISCUSSION

The presented results clearly show the change in material parameters of the sample before and
after loading by certain numbers of freeze/thaw cycles. When basic physical properties are
taken into account, it is obvious that freeze/thaw cycles generated some micro-cracks inside
the material manifested by slight decrease of bulk density. However, the change is withing the
frame of measurement error. The increase of bulk density for the sample loaded by 30
freeze/thaw cycles can be explained by inhomogeneity of the original block from which the
samples were cut. In the same way, the total porosity slightly increased. The changes of
materials pore structure are evident from Fig. 2, where the amount of largest pores increased
with the freeze/thaw loading.

The change of material structure affected the water vapor and liquid water transport
properties. When water vapor diffusion resistance factor is discussed, it is evident that the
material became more permeable for the water vapor. The values significantly decreased,
however it seems that the number of freeze/thaw cycles does not have significant influence on
the value change. Therefore, it can be concluded that major changes in material’s pore
structure appear after 1 to 15 freeze/thaw cycles and the additional loading does not affect the
structure in significant way. In order to evaluate the critical number of freeze/thaw cycle that
causes substantial change of material’s structure, some additional testing should be performed
with finer scale such as 1 or 2 freeze/thaw cycles.

The determination of water adsorption coefficient and apparent moisture diffusivity of AAC
was very difficult. Basically, the reason for this is a coarse pore structure of the material
making the gravity forces an important factor. With increasing pores in the material the
absorption coefficient and apparent moisture diffusivity decreases. However, in order to
provide more representative view on liquid moisture transport properties of studied material,
another series of experiment needs to be conducted. The objective is to eliminate the effect of
gravity forces and therefore the experiment should be designed to simulate moisture transport
in horizontal position instead of vertical one.

Also, the cooling of material was done for -15 °C according to national standard, however,
this temperature might not be sufficient enough. Using the Gibbs-Thompson equation for
calculation of freezing point depression in the pores, the size of largest pore where the
freezing occur may be calculated as

R= 2Ty vy
AR,AT,

where 7, (mJ-m™) is the surface free energy (interfacial tension) of the solid/liquid interface
(ya=31.7x£2.7 mJ-m?), v; (cm’-mol™) the molar volume of the liquid (v; = 18.02 cm’ mol™),
and 4k, (kJ-mol™) the melting enthalpy in the unconfined (bulk) state (44, = 6.01 kJ-mol™),
all quantities taken at the bulk coexistence temperature 7 (7 = 273.15 K). 47, (K) is the
freezing temperature, i.e. ATy = T} - Teo0iing. Based on Eq. (6), the largest pore with affected by
freezing has a diameter of approximately 0.02 pum. For that reason, it will be suggested in further
experiments to decrease the freezing temperature to at least -30 °C in order to affect the smallest pores
(up to 0.008 um) by ice damage.

(6)

CONCLUSIONS

The water vapor and liquid water transport properties of the autoclaved aerated concrete were
investigated in this paper. The samples were first loaded by various number of freeze/thaw
cycles in order to induce ice damage to the material. Then, basic physical properties, pore size
distribution and moisture transport properties were analyzed. The results proved significant
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change in water vapor transport properties as the material become more permeable for the
water vapor. The liquid water transport properties described by apparent moisture diffusivity
decreased after loading by freeze/thaw cycles. However, the methodology for vertical water
uptake was found not suitable for this kind of material due to significant effect of gravity
forces. The analysis of pore size distribution revealed significant changes in pore structure of
the material supporting the conclusions made in this paper.
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ABSTRACT

Continuous exterior insulation is becoming more common in North American above-grade
walls in both retrofit applications and new construction, as a means to improve the thermal
performance of wall assemblies. Although moisture performance of wood-frame wall
assemblies has been studied extensively, the drying capability of wall assemblies with exterior
insulation and an interior vapor retarder in cold climates is not well characterized. This study
monitored the hygrothermal performance of wall assemblies with and without exterior
insulation under high and low interior humidity conditions and with intentional wetting of the
wood structural panel sheathing. Moisture content and temperature of standard 38 mm x 140
mm wood framing and 11 mm thick oriented strand board (OSB) sheathing were measured
over a two-year period in eight different wall assemblies, each with north or south orientation,
in a conditioned test structure in Madison, Wisconsin. Wall configurations differed primarily
in the interior vapor retarder (kraft paper or polyethylene film) and the exterior insulation
(none, expanded polystyrene, extruded polystyrene, or mineral wool). OSB sheathing was
wetted in a controlled manner at three different times of year to investigate drying response.
Wintertime moisture accumulation in OSB in the tested climate zone was not a concern
except in the wall with no exterior insulation and interior kraft vapor retarder, though rapid
drying occurred in springtime. Drying of OSB after controlled wetting events was generally
faster during warm weather than cold weather; faster with exterior insulation than without
during cold weather; faster with vapor-open exterior insulation than low-permeance exterior
insulation during cold weather; and faster with interior kraft vapor retarder than polyethylene.

KEYWORDS
moisture performance, hygrothermal performance, continuous insulation, building envelope,
durability

INTRODUCTION

The building envelope is a key component affecting overall building energy use. Continuous
exterior insulation is an increasingly common strategy to improve overall thermal
performance in North American above-grade wall assemblies in both retrofit applications and
new construction. This approach is particularly relevant for wood-frame construction in cold
climates. While Performance Compliance Paths in the International Energy Conservation
Code (IECC) (ICC, 2015) offer flexibility in the design of exterior walls, the Prescriptive
Compliance Path requires wood-frame walls located in cold climates (IECC Climate Zone 6
or higher) to incorporate continuous insulation at a minimum thermal resistance of 0.88
m2-K/W (5 h-ft?-°F/Btu or “R-5”). This is often implemented with a combination of cavity
insulation and continuous exterior insulation.
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Long-term moisture performance of exterior wall assemblies is critical because moisture
accumulation can lead to degradation of materials and poor indoor air quality. Moisture
control strategies for exterior wall assemblies need to address sources of moisture from the
interior and exterior of the building and the ways in which moisture migrates, including bulk
water intrusion, uncontrolled air leakage, and vapor diffusion (TenWolde and Rose, 1996). In
addition, the capacity to dry out when wetting occurs (either during construction or over the
service life of the building) can improve the moisture tolerance and reduce the risk of
problems, but the drying potential may be a concern for some wall assemblies that are
insulated and air sealed to levels required by current model energy codes.

A recent literature review (Trainor and Smegal, 2017) concluded that adding exterior
insulation to wood-frame walls in North American cold climates in nearly every case did not
increase the risk of moisture-related durability problems. Continuous exterior insulation raised
the temperature of wood structural members in exterior walls during cold weather (relative to
walls without exterior insulation), thereby reducing the potential for wintertime moisture
accumulation (Tsongas, 1991; Straube, 2011). With regard to drying potential, several studies
found that walls with vapor-open exterior insulation allowed drying to the outside at a faster
rate than walls with exterior foam insulation (Maref et al., 2011; Fox et al., 2014; Trainor et
al., 2016). In addition, faster drying rates were observed during spring and summer in exterior
insulated walls without an interior polyethylene vapor barrier than in those with polyethylene
(Craven and Garber-Slaght, 2014).

The studies mentioned above investigated a variety of wall configurations but did not include
38 by 140 mm framing (nominal 2x6) with 0.88 m?-K/W (R-5) exterior insulation, which
meets the “R-20+5" IECC Prescriptive Compliance Path in cold climate zones (IECC Climate
Zone 6 or higher). For this configuration, the ratio of exterior insulation to cavity insulation is
not sufficient to permit the use of only a Class III interior vapor retarder (such as latex paint
on gypsum board). The present study was initiated to characterize the moisture performance
of 140 mm wood-frame wall assemblies with and without exterior insulation in a cold climate
location. Specific objectives were to monitor wall assembly moisture and temperature
conditions under ambient environmental conditions with high and low interior humidity
conditions, and to characterize wall assembly drying rates after intentional wetting of the
wood structural panel sheathing.

METHODS

Monitoring was carried out in a conditioned test structure located in Madison, Wisconsin
(IECC Climate Zone 6). This cold climate has 4,074 heating degree days (18°C basis; 1981—
2010 mean); 2015 and 2016 were warmer than normal, both with about 90% of the historic
mean heating degree days. The 17.2 m x 4.9 m test structure was oriented with the long
dimension running east to west. It had a preservative-treated wood post and beam foundation
with an insulated floor. The 38 x 140 mm wood stud walls were refurbished for this study to
create eight different north and south facing test bays (Figure 1). Each test bay was 1.2 m
wide and 2.2 m high and consisted of three cavities with studs 406 mm on center. Test bays
were isolated with a composite trim board on the exterior and by adding a 38 x 140 mm stud
separated from the existing stud of the adjacent test bay using an impermeable self-adhering
membrane. An entry door was located on the north side of a central area that houses the data
acquisition system and heating and cooling equipment. Winter mean interior temperature was
20 °C; mean interior relative humidity (RH) was 42% during the first winter and 34% during
the second winter. Summer mean interior conditions were 25 °C with RH between 45% and
55%.
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Figure 1. (top) Plan view of test structure with labelled test bays. (bottom) Wall elevation and
section showing sensor layout.

All wall assemblies included vinyl siding, spun-bonded polyolefin house wrap, oriented
strand board (OSB) sheathing, fiberglass batt cavity insulation (3.7 m*>K/W or R-21), and
interior gypsum drywall. Gasketing was installed between the framing and drywall for air-
tightness, and the drywall was finished with latex primer and latex paint. Test walls differed
in the type of interior vapor retarder, water-resistive barrier, and exterior insulation (Table 1).
Walls 1 and 2 provided base cases with no exterior continuous insulation (CI); Wall 1 had
asphalt-coated kraft paper facing on the fiberglass batt insulation, whereas Wall 2 had 0.15
mm polyethylene sheet (with unfaced batt insulation). The remaining walls included one of
the following exterior insulation materials: 38 mm mineral wool (MW) insulation (1.1
m?-K/W or R-6); 38 mm expanded polystyrene (EPS) insulation (1.1 m*-K/W or R-6); or 25
mm extruded polystyrene (XPS) insulation (0.88 m?-K/W or R-5). Walls 1-7 had ordinary
spun-bonded polyolefin membrane installed just exterior of the OSB sheathing, whereas Wall
8 used a “crinkled” version of the same material, structured to create vertical channels and a
small air gap between the OSB sheathing and XPS insulation.

Table 1. Wall configurations.

Wall Label Interior Vapor Retarder House Wrap Exterior Insulation

1 No CI, kraft Kraft paper Flat polyolefin None

2 No CI, poly Polyethylene Flat polyolefin None

3 MW, kraft Kraft paper Flat polyolefin 38 mm MW
4 MW, poly Polyethylene Flat polyolefin 38 mm MW
5 EPS, kraft Kraft paper Flat polyolefin 38 mm EPS
6 XPS, kraft Kraft paper Flat polyolefin 25 mm XPS
7 XPS, poly Polyethylene Flat polyolefin 25 mm XPS
8  XPS, kraft, crinkled Kraft paper Crinkled polyolefin 25 mm XPS
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Each test bay had an identical set of sensors installed in the central cavity (of the three that
make up a bay; Figure 1). Wood moisture content (MC, percentage based on dry mass) and
temperature were measured hourly at six locations in each test bay: four sensor pairs were
located in OSB sheathing at various heights, one in the bottom plate, and one in a stud at mid-
height. MC values in OSB were based on resistance measurements using the calibration of
Boardman et al. (2017). Two additional sensors measured RH and temperature in the center of
the cavity and at the interior surface of the OSB. Indoor RH and temperature and weather
conditions were also recorded on site. Further details are given in Boardman et al. (2018).

Each wall assembly was subjected to an identical water injection schedule at three different
times during the study. A shop towel was fastened to the interior side of the OSB in the center
cavity to serve as a reservoir for the injected water (Figure 1), which was introduced through a
vinyl tube from the interior near the drywall surface (Van Straaten, 2003). Each injection had
a volume of 40 mL, which wetted the shop towel without water running down the OSB
sheathing. The first series of injections occurred in late summer, starting August 13, 2015,
with one injection per day for three days (total of 120 mL). The second series of injections
occurred in late fall, starting November 6, 2015, and lasted five days (total of 200 mL). The
last series of injections occurred the following spring, starting May 20, 2016, and lasted 4
days (total of 160 mL).

RESULTS AND DISCUSSION

OSB moisture content was higher in winter than summer, as illustrated in Figure 2 for north-
facing walls (away from the wetting device). Two further trends are noted: first, walls with
kraft vapor retarder had higher OSB MC in winter than corresponding walls with
polyethylene; second, walls with exterior insulation had lower OSB MC than the base walls.
Wintertime moisture contents were highest in the base wall with kraft vapor retarder; the peak
was above 30% MC in the first winter and about 23% MC in the second winter, whereas the
base wall with polyethylene vapor retarder remained below 16% MC. The difference is a
result of water vapor migration from interior humidification through the more permeable kraft
vapor retarder. Similar trends were observed in the south-facing walls, though the peak
moisture contents were typically not as high as in the north-facing walls. The lower moisture
levels in the south walls are due to the slightly higher temperature (as a result of solar
radiation), but this effect was small and not consistent in all results. More consistent was the
result that walls with exterior insulation had lower moisture levels than the base walls.

The response of OSB moisture content to water injections is depicted in Figure 3 for sensors
placed within the field of the wetting device in north-facing walls. All wall configurations had
a rapid increase in OSB MC after the water injections. Several observations about drying rates
are noted. First, the drying rates in general were faster for the first injection (Aug 2015) and
third injection (May 2016) than the second injection (Nov 2015). This was expected because
drying is slower at colder temperatures. Second, for all three injections the walls with a kraft
vapor retarder dried more rapidly than corresponding walls with polyethylene, consistent with
the higher vapor permeance of kraft allowing drying to the interior. Third, for the second
injection (in colder weather), walls with exterior insulation generally dried faster than the
corresponding base walls, due to the exterior insulation keeping the OSB warmer. Fourth, the
walls with exterior MW insulation dried faster than corresponding walls with exterior XPS
insulation after the second injection; this is a result of the higher vapor permeance of MW and
is consistent with prior research. Further analysis supporting these observations is presented
by Boardman et al. (2018).
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Figure 2. Weekly average moisture content of OSB in north-facing walls (average of sensors
in OSB near top plate and bottom plate).

Figure 3. Weekly average moisture content of OSB at mid-height in north-facing walls
(average of sensors in the field of the water injection system).

CONCLUSIONS

This cold-climate monitoring study provides further support to the conclusion that adding
continuous exterior insulation lowers the wintertime moisture content in wood structural panel
sheathing. The drying rate of a wall with low-permeance exterior insulation and interior
polyethylene after modest wetting was similar to a corresponding base wall without exterior
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insulation. Drying rates were faster for walls with an interior kraft vapor retarder than
polyethylene. In cold weather walls with vapor-open exterior insulation dried faster than base
walls and walls with low-permeance exterior insulation. Under cold weather conditions and
high interior humidity levels, a kraft vapor retarder did not prevent moisture accumulation in
the OSB sheathing in the base wall without exterior insulation, though it dried out quickly in
warmer weather. This study did not quantify risk of moisture damage. Further work is
ongoing to combine this field study with laboratory and modeling research to develop
strategies to minimize moisture risks in energy efficient wood-frame walls.
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ABSTRACT

Moisture retention curves describe the moisture storage property of porous building materials.
Currently available experimental methods for measuring moisture retention curves are often
demanding in equipment and moreover not always suited for the adsorption process in most
of the capillary moisture content range. This paper proposes a novel and simple technique —
the psychrometer method — and validates it by the tests on calcium silicate and ceramic brick.
In this experiment the moisture content of the samples experiencing adsorption and desorption
processes is determined gravimetrically, while the corresponding capillary pressures in the
samples are measured with a chilled-mirror dew-point psychrometer. Comparisons are made
with results from mercury intrusion porosimetry, pressure plate/membrane and desiccator
tests. It is shown that this psychrometer method is simple and reliable for both adsorption and
desorption processes for capillary pressures below -1-10° Pa. When the capillary pressure is
around or above -1-10° Pa, the psychrometer method is no longer very accurate, and other
experimental techniques should be employed.

KEYWORDS
psychrometer, capillary pressure, moisture content, retention curve, porous building material

INTRODUCTION

Hygric properties of porous building materials are indispensable input parameters for
analyzing the hygrothermal performance of building envelopes and the built environment
(Defraeye et al. 2013; Zhao and Plagge, 2015). In general, hygric properties can be classified
as moisture storage and transport properties, characterizing how much moisture can be stored
in and how fast moisture can be transported through a material, respectively. Moisture storage
properties are not constant; instead, they depend on the ambient humidity. Moisture storage
properties are normally depicted either by moisture sorption isotherms, i.e. moisture content
(w, kg/m®) as a function of relative humidity (RH, -), or by moisture retention curves, i.e.
moisture content in function of capillary pressure (p., Pa). As RH and p. are interchangeable
through the Kelvin-Laplace equation, sorption isotherms and retention curves are equivalent.
In this paper we use moisture retention curves to describe the moisture storage properties.

Because of hysteresis, moisture retention curves are usually not a single-valued function but
process-dependent. As shown in Figure 1, for a complete characterization in the full humidity
range, there are at least three important curves: the adsorption curve starting from the dry state,
and two desorption curves, starting from the saturated moisture content (Wsu, kg/m®) and the
capillary moisture content (weqp, kg/m?) respectively.
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In the hygroscopic range — where water vapor dominates — the static gravimetric method (e.g.
the manual desiccator test (Feng et al. 2013) or the automatic sorption balance (Garbalinska et
al. 2017)) is simple and reliable. In the over-hygroscopic range — where liquid water is more
important — the currently available experimental techniques are unfortunately less satisfactory.
Table 1 summarizes the characteristics of several of these methods. Clearly, none of them can
measure the moisture retention curves completely. Even when combined, much information
for the adsorption process in the capillary range is still not measurable.
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Figure 1. Moisture retention curves. point psychrometer (Leong et al. 2003).

Table 1. Characteristics of several methods for measuring moisture retention curves
Method Mercury intrusion Traditional pressure Modified pressure

porosimetry plate/membrane plate (Fredriksson and

(Roels et al. 2001) (Hansen, 1998) Johansson, 2016)
Equipment price Very expensive Expensive Expensive
Availability Common Common Rare
Toxicity High (mercury) Low Low
Procedure Simple Complicated Complicated
Data processing Complicated Simple Simple
Applicable p. range 0~-2-10% Pa 0~-1-10" Pa 0~-510°Pa
Applicable process Desorption from ws,s ~ Desorption from wya Adsorption

and Wegp

Duration Hours ~ days Weeks ~ months Weeks ~ months
Others May not suit cement-  Measurements easily =~ Measurements easily

based materials fail fail

To solve these problems, this paper proposes a novel experimental method — the psychrometer
method. It features in simplicity, reliability and most importantly, the capability to do both
adsorption and desorption measurements in the full humidity range. In the following sections,
we will first introduce the principle of the psychrometer method. Then the validation
measurements on calcium silicate and ceramic brick are explained. Finally, our experimental
results are presented and compared with extra data from other methods.

METHODS

The key to obtaining moisture retention curves is to determine the corresponding w and p. in
the sample. Moisture content w can be easily obtained through the gravimetric method, while
capillary pressure p. can be obtained by holding the sample in a sealed chamber and measure
the humidity of the air inside caused by the water evaporation from the sample. In the over-
hygroscopic range the air humidity is close to saturation, thus the widely used RH sensors are
no longer reliable and psychrometers instead become a much better choice. Cardoso et al
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(2007) studied different types of psychrometers profoundly, and found that many factors —
such as temperature, hysteresis, calibration and equilibrium time — all have an impact on the
results. After comprehensive comparisons, the chilled-mirror dew-point psychrometer was
recommended.

In this study, we adopted the chilled-mirror dew-point psychrometer for the humidity
measurement. The instrument model is WP4C, produced by Decagon Devices, Inc (a
schematic is illustrated in Figure 2). It is reported by the manufacturer that this psychrometer
has an accuracy of +5:10%Pa in the range of 0 ~ -5-10° Pa and +1% for -5-10% ~ -3-108 Pa.
More details about the psychrometer can be found in (Leong et al. 2003).

During the test, calcium silicate (density: 271 kg/m®) and ceramic brick (density: 1818 kg/m?)
were cut into samples with a diameter of 3 cm and a thickness of 0.5 cm. The dry mass of
each sample was determined with a balance with a resolution of 1 mg after oven drying at
70€ for at least one week. For desorption measurements, the samples were first vacuum
saturated and then exposed to 97% or 94% ambient RH (controlled by saturated salt solutions)
at 23+0.5€ . At certain points in time, the desorption process was interrupted by sealing
samples into the small sample cups. Trial tests showed that after several hours, the capillary
pressure and moisture content distributions within the samples reached equilibrium, indicated
by stable psychrometer readings. For this reason, we always carried out the measurements on
samples having been isolated overnight. The capillary pressure was measured with the WP4C
psychrometer and the wet mass was measured with the balance. Resultantly, the desorption
curve starting from wss in the capillary range was determined. Reversibly, we measured
adsorption curve in the capillary range by putting samples pre-conditioned by adsorption at
97% ambient RH above pure water in a closed container, with a similar process for the
determination of capillary pressure and moisture content.

It should be mentioned that for calcium silicate the adsorption progressed very slowly when
the humidity is extremely high, while for ceramic brick the adsorption directly from air can
hardly result in an observable change in moisture content. For those cases, we applied some
tiny water drops directly on the samples for acceleration of the conditioning. To check the
applicability of the psychrometer method in the hygroscopic range, we also exposed samples
to lower RHs for measurements, as in the desiccator test.

It should also be noted that according to the working principle of the chilled-mirror dew-point
psychrometer, an underestimation of w is inevitable due to the evaporation. However, we
estimate the total volume of the sealed chamber at 50 mL. A simple calculation reveals that
under our experimental conditions 1.1 mg water vapor could yield 100% ambient RH in such
volume. Our sample size is roughly 3.5-10"° m? in size, hence the underestimation of w is just
around 0.3 kg/m?, which is completely negligible.

RESULTS

Figure 3 illustrates the experimental results obtained from the psychrometer method described
in the previous section. For calcium silicate it is clearly reflected that both the adsorption and
desorption curves have been obtained throughout the full humidity range. The results obtained
by applying tiny water drops on the samples for accelerating the adsorption process also seem
reasonable. It should be noted that even with the tiny water drops on the samples, the
adsorption still progressed very slowly, as the whole adsorption process took more than 6
months. Consequently, for capillary pressures above -1-10° Pa (logio (-pc) <5), we failed to
obtain the adsorption curve.
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For ceramic brick the general shape of the water retention curves can be observed. However,
the data points display large scatters for the desorption process, and the hysteresis
phenomenon also seems illogical (the desorption curve should stay above the adsorption
curve). This should be explained by the fact that the ceramic brick used in this study has
relatively large pores, with a median radius around 4-10° m. Thus, a large drop/rise of the
retention curves around -3.2-10% Pa (logio (-pc) =4.5) is expected. The psychrometer used in

this study has an accuracy of +5-10* Pa in that range. Consequently, the measured p. here are
not very reliable.
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DISCUSSION

To validate the accuracy of the psychrometer measurements, we performed mercury intrusion
porosimetry (Roels et al. 2001), pressure membrane (Hansen, 1998) and desiccator (Feng et al.
2013) experiments on the same batch of calcium silicate for comparison. Pressure plate results
were also cited from the HAMSTAD project (Roels et al. 2003). As is clearly reflected in
Figure 4.a, in the over-hygroscopic range the desorption results from the psychrometer
method are generally close to the results from the other methods, albeit that the deviations
around -1-10° Pa (logio (-p)=5) appear to be more significant. Similarly shown in Figure 4.b,
in the hygroscopic range for both adsorption and desorption processes the psychrometer
method provides slightly different but reasonable results when compared to other methods.

For ceramic brick the situation is less promising. As illustrated in Figure 5, when compared to
results from mercury intrusion and pressure plate tests, the psychrometer method results in a
cloud of results — scattering irregularly in the range logio (-pc)=4-5, reflecting the limitation of
the psychrometer method, due to its limited accuracy in this p. range. However, it should be
noticed that the results from mercury intrusion and pressure plate tests are neither very close,
and it is difficult to judge which method is more reliable here. Further experimental methods
— such as the hanging water column method (Plagge et al. 2007) — are hence necessary to be
developed and validated for the p. range around and above -1-10° Pa.

Last but not least, in this study we just performed the measurements starting from dry state

and wsq. The principle of the proposed psychrometer method is obviously also valid for the
adsorption and desorption processes starting from other initial conditions.
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CONCLUSIONS

This paper proposes a novel experimental approach — the psychrometer method — for
determining the moisture retention curves of porous building materials. Measurements on
calcium silicate and ceramic brick were conducted and the results were validated by
comparing with experimental results obtained from the mercury intrusion porosimetry,
pressure plate/membrane and desiccator tests. The psychrometer method demonstrates its
simplicity, reliability and wide applicable range for capillary pressures below -1-10° Pa,
covering almost the full humidity range. When the capillary pressure is around or above -
1-10° Pa, other more reliable experimental techniques should be developed and validated.
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ABSTRACT

The unsaturated liquid permeability is a crucial hygric property of porous building materials.
Its direct measurement is very challenging however, because currently available experimental
protocols are either demanding in test facilities, complicated in data processing, or limited in
moisture content range. Inspired by the osmosis phenomenon, we study the possibility to
apply semi-permeable membranes for directly measuring the liquid permeability of porous
building materials. The key principle is studied profoundly and a simple experimental set-up
is constructed. Trial tests on calcium silicate insulation and autoclaved aerated concrete are
performed. Results show that the experimental set-up can be used to measure the liquid
permeability, but strongly underestimates its value in its current form. Based on an in-depth
analysis, we believe that the underestimation should be attributed to the pore clogging to the
semi-permeable membrane due to the extremely high concentration of salt in the solution.
Hence, in a future iteration, we will turn to unsaturated solutions with lower salt
concentrations to alleviate the problem.

KEYWORDS
liquid permeability, building material, semi-permeable membrane, hanging water column

INTRODUCTION

Hygric properties are key characteristics of porous building materials. They are indispensable
for analyzing the hygrothermal performance of building envelopes and the built environment
(Defraeye et al. 2013; Zhao and Plagge, 2015). Of all hygric properties, the liquid
permeability (K, kg'm's"'Pa!) is one of the most important.

Liquid permeability depends on moisture content. For (nearly) saturated samples, the liquid
permeability can be easily measured by the water column test (Pedescoll et al. 2011) and the
tension infiltrometer test (Zhao and Plagge, 2015). However, if the moisture content is lower,
the direct measurement of the liquid permeability becomes rather difficult. One solution is to
perform the Boltzmann transformation of the moisture content profiles visualized during a
capillary absorption test for obtaining liquid diffusivity and subsequently liquid permeability.
However, this protocol requires expensive experimental facilities — such as the X-ray set-up
(Roels and Carmeliet, 2006) — and the data processing is complicated with large scatters. The
drying test is another option for obtaining the liquid permeability below the capillary moisture
content (Zhao and Plagge, 2015). However, this is basically an inverse method, requiring a lot
of parameter tuning on the permeability model to approximate the measurement. It is
therefore not straightforward and large uncertainties also exist.

From the review above, it’s clear that current experimental protocols are either demanding in
facilities, complicated in data processing, or limited in the moisture content range. Thus the
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simple, reliable and full-range measurement of liquid permeability remains a challenging task.
Inspired by the osmosis phenomenon, we investigate the possibility to employ the semi-
permeable membrane for directly measuring the liquid permeability of porous building
materials in a wide moisture content range. In this method, saturated salt solutions are used to
exert a capillary pressure gradient across the sample, and semi-permeable membranes are
used to protect against salts’ interference. The permeability of the sample can hence be
obtained from the measured liquid flux and the capillary pressure difference. Specifically, in
the following section we will introduce the osmosis phenomenon. Next, our new experimental
set-up with a semi-permeable membrane is described, and trial tests on calcium silicate
insulation and autoclaved aerated concrete are explained. After that the experimental results
are presented and analyzed. Finally, the future improvement of this method is discussed.

METHODS

In this section, we will first introduce the osmosis phenomenon. Then our new experimental
set-up with a semi-permeable membrane is described, and trial tests on calcium silicate
insulation and autoclaved aerated concrete are presented.

Osmosis phenomenon and the semi-permeable membrane

Osmosis is a common phenomenon in nature and has been widely adopted in many
disciplines. As illustrated in Figure 1, when a solution and a pure solvent are separated by a
proper semi-permeable membrane, the solvent particles can diffuse through the membrane in
both directions while the solute particles are blocked. Due to the concentration difference of
the solvent particles, a net flow of solvent from the pure solvent side towards the solution can
be observed. This is the so-called osmosis phenomenon (Feher, 2017).

Figure 1. The osmosis phenomenon. Figure 2. Photo of our semi-
permeable membrane set-up

The osmosis phenomenon shows that a semi-permeable membrane exclusively allows the
flow of solvent. It is therefore possible to use saturated salt solutions to exert a constant
driving force for liquid water flowing through a sample, with semi-permeable membranes to
protect the sample against salts’ interference. The liquid permeability can thus be derived
from the water flux and the capillary pressure difference. By altering the saturated salt
solutions, the capillary pressure difference over and the moisture content in the sample can be
controlled. This method is therefore in principle applicable to a wide moisture content range.
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Experimental set-up

Based on the principle explained in the previous section, a simple experimental set-up is
designed and constructed (Figure 2 and 3). In this set-up, a sample of known cross-sectional
area (4, m?) and thickness (7, m) is laterally sealed with epoxy to obtain a 1-D liquid flow.
The top of the sample is in direct contact with pure water, for which the capillary pressure (p.,
Pa) is assumed 0 Pa. The sample bottom sits on a semi-permeable membrane in contact with a
saturated K>SO4 solution with an RH of 97% at 22+1€ corresponding to a p. of -3.6-10° Pa.

The additional water head difference on both sides of the sample, originating from different
water levels in the container and burette, is negligibly small relative to the used p. difference
(Ap=3.6-10° Pa). Consequently, the capillary pressure difference is assumed the only driving
force for the water flow through the sample.

When the flow is ongoing, the pure water in the water tank passes through the sample and the
semi-permeable membrane, entering the solution tank, where undissolved salt exists and a
magnetic stirring system is installed to keep the solution saturated all the time. In this way a
constant Ap. can be maintained and a steady flow can be reached after an initial period. The
volumetric flow rate (G, m*-s') can be easily measured by reading the burette regularly.
Given that the burette is part of the container with the saturated solution, the volumetric flow
rate thus relates to the inflowing pure water and the additionally dissolved salt.

Figure 3. Schematic of our semi-permeable membrane set-up.

Assuming a certain amount of pure water (Amwaer, kg) passes through the sample and the
membrane into the solution tank. The K>SO4 dissolved by it (Amxzsos, kg) amounts to
5*Amyaer, where s is the solubility of K2SOs, kg(K2SO4)-kg(water)!. Consequently, in the
solution tank the increased saturated K»SOs solution (Amisonsion, kg) occupies a volume of
A Vsotution (m3):

V _ Ammlution _ Amwate’" + AmKZSOA _ Amwater +s- Amwater (1)
solution - -
p solution IO solution p solution

A
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where pyourion is the density of saturated K2SOa solution, kg-m™. Since previously undissolved
K1S04 is now dissolved, its volume (AVkasos, m®) should therefore be accounted for when
calculating the net volume change (AVyer, m?) in the solution tank:

AV = AV Am, . +s-Am s-Am

— water water water
net solution A VK2S04 B - (2)
pm/ution IOK2SO4

where pk2so4is the density of K2SOs, kg'm™. Now we define a coefficient ¢ (kg-m™) by:

Am,, 1
— waer: 3
AV l+s s 3)

net

psolution pK2S04

At 22°C we obtain ¢=1009 kg-m™, meaning that 1 m? increase in the net volume of the
solution tank (indicated by the burette) reflects 1009 kg of inflowing pure water. With the
help of the known ¢, we can describe the mass balance of the transport process by:

Ap
Gc=—tc.y 4
c= 4

total

where R is the total liquid transport resistance, m’*sPa-kg'. R is the sum of the
membrane’s resistance Ruembrane (M?sPa-kg!) and the sample’s resistance Rsampie (m?sPa-kg™):

T
R +

rotal Rmembmne + Rsample = Rmembrane K (5)
i

Combining Eq.(4) and (5), the liquid permeability of the sample can be finally derived:

T
Kl - APL - A (6)

membrane
G-c

After the test, the moisture content of the sample (w, kg-m™) can be obtained gravimetrically,
while Riembrane can be obtained from similar measurements without the sample in the set-up.

To completely fulfill the measurements in a wide moisture content range, a double-membrane
set-up with two semi-permeable membranes separating two different saturated salt solutions
on both sides of the sample is needed. At this trial stage, we simplify the set-up to the single-
membrane system described above. This set-up restricts the applicable moisture content range
to near saturation, but is adequate for preliminary validation. Its success will call for a slightly
more complicated double-membrane set-up.

Trial measurements

As two representative porous building materials, calcium silicate insulation and autoclaved
aerated concrete are cut into duplicate cylindric samples, with a diameter of 10 cm and a
thickness of 2 to 4 cm. As a reference, falling-head water column tests are also performed for
comparison. Due to the page limit of this paper, we will not explain the water column method
specifically, and details can be found in (Pedescoll et al. 2011).
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RESULTS

Figure 4 illustrates the experimental results obtained from the semi-permeable membrane
approach described in the previous section. Results from water column tests are also included
for reference. As is clearly shown, for both calcium silicate insulation and autoclaved aerated
concrete, the measured K reflects an expected moisture content dependence — the higher the
w is, the larger the K; is. However, it is very noticeable that the measured K; values from two
methods differ about 4 orders of magnitude. This is far beyond what common experimental
errors can explain, and more profound reasons must exist.
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a) Calcium silicate insulation b) Autoclaved aerated concrete

Figure 4. Experimental results of the semi-permeable membrane and water column tests.

DISCUSSIONS

The water column test is a well-established method. Our water column measurements on
other materials agree nicely with other data sources. Thus we believe the water column results
in Figure 4 are trustworthy and the semi-permeable membrane approach underestimates K;.

The first explanation for the underestimation could be that the transport area of the sample
should be corrected for the masked sample edge in the set-up. However, the total diameter of
the sample is 10 cm while the unmasked diameter is roughly 9 cm. Simple estimation reveals
that the underestimation of K; caused by the masked edge should be less than 1-(9/10)* = 20%,
while from Figure 4 we should focus on the difference amounting to 4 orders of magnitude.
Consequently, the masked edge is not a primary reason for the underestimation.

The second possibility is the change of driving force. Ideally no salt can pass the semi-
permeable membrane, while in practice a small amount of salt may still penetrate through the
membrane and the sample into the tank for pure water, reducing the real driving force and
causing the underestimation of the final K;. However, reducing the Ap. to 1/10* of the
assumed original value (3.6-10° Pa) means that the pure water tank above the sample should
almost get saturated. The membrane used in this study has a NaCl rejection capability as high
as 99.5%, while the salt used in our test is K2SOs, relatively more difficult to pass through the
membrane. Consequently, it is unimaginable to assume an almost saturated solution in the
upper tank due to the negligible salt transfer through the membrane. Direct measurements of
the capillary pressure and electrical conductivity in both tanks also provide support.

Another explanation could be that the overall transport resistance is underestimated due to the
existence of air layers on both sides of the membrane, which destroys the hydraulic continuity
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of the system. An evidence is that the membrane resistance Ruembrane, When measured
separately by the semi-permeable membrane method and the water column method, comes to
values of 1.4-10'" m?sPa-kg™ and 1.1-10% m’sPa-kg"! respectively. When there is only the
membrane without the sample in the semi-permeable membrane set-up, the potential air layer
between the membrane and the sample no longer exists, and this clearly reduces the difference
between the measured Ruembrane values from both methods. To furthermore validate this
hypothesis, we turned the presently vertical system into a horizontal one for complete
elimination of the air layers. Unfortunately, the newly measured Ruembrane remained almost
unchanged, indicating that the air layer should not be the most crucial reason.

The last and most plausible reason is that the pore clogging due to the extremely high salt
concentration could happen to the semi-permeable membrane and hence increases the overall
transport resistance. In our recent trials, we switched to unsaturated K>SOj4 solution, obtaining
Ruembrane around 2-10° m?sPa-kg',10 times smaller than the saturated case. Encouraged by
this supporting evidence, we plan to used unsaturated solutions of different salts and
concentrations for further study and hopefully can succeed in the near future.

Albeit the semi-permeable membrane method is still under development, its principle is
completely plausible. Theoretically, the liquid permeability below the capillary moisture
content could be measured directly with two semi-permeable membranes on both sides of the
sample, hence filling the gap of currently available experimental protocols.

CONCLUSIONS

This paper proposes a novel experimental approach — the semi-permeable membrane method
— for determining the liquid permeability of porous building materials. A simple set-up has
been constructed and trial tests on calcium silicate insulation and autoclaved aerated concrete
are performed. Traditional water column tests are also conducted as a reference. Results show
that our current semi-permeable membrane set-up strongly underestimates the liquid
permeability, most plausibly due to the pore clogging to the semi-permeable membrane. In
the future we are going to use unsaturated salt solutions to solve this problem.
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ABSTRACT

In this study, investigations on the thermal performance of a solar air heating fagade system
were carried out. The system consists of a double skin building envelope composed by an
opaque internal face, with a novel solar absorbent layer and a glazed external face. This kind
of system, particularly suitable to refurbish existing building envelopes, is designed to work
as a fan-assisted air supply, which mitigates the heating and ventilation demand during the
winter period.

An experimental campaign was set up using a full scale facade module in order to thoroughly
characterize its thermal behavior and the air flow rate. This module was also compared with a
similar one, having a conventional dark flat surface instead of the above mentioned solar
absorbent layer. The system has proven great potential in both reducing the energy demand
and maintaining proper the ventilation rates in the winter period. In facts, results show that the
cavity air temperature reaches values close to 90°C (unventilated buffer mode) and that, in
fan-assisted mode, the air temperature introduced in the indoor environment was up to 25°C
higher than the external one. Moreover, the supplied air flow rate was of about 26 m3/h,
providing about 0.5 air changes per hour (ACH) in a typical residential room (16 - 22 m? of
floor area).

KEYWORDS Solar air heating; Opaque Double Skin Facade; Fan-assisted; Solar collector;
Supply air facade

INTRODUCTION

Providing feasible solutions to take action against building energy consumption while
promoting on-site energy generation through renewable resources is of paramount importance
nowadays. Particular effort needs to be put into the energy refurbishment of the existing
building stock, since it is largely composed by old, energy-demanding constructions,
characterized by high total energy demands, not evenly distributed over time.

According to the Building Performance Institute Europe (BPIE), a deep renovation of the
existing buildings could cut the 36% of their energy consumption by 2030 (Building
Performance Institute Europe, 2018). Solar air heating facade systems can provide an
effective solution: not only they guarantee an improvement in terms of thermal insulation, but
they also mitigate buildings heating and ventilation demand by exploiting solar energy. The
analysed facade system presents similar technological features of a classic Trombe Wall
(Trombe and Michel, 1974), which consists of an external transparent layer and an internal
opaque one, separated by an air gap. Usually, the classic Trombe Wall presents two vents
installed at the bottom and at the top of the opaque layer. In this way, indoor air flows through
the bottom air gap, it heats up due to the greenhouse effect and enters back into the internal
environmental through the top vent (Ozbalta and Kartal, 2010).

Several studies have investigated different ventilation modes of the Trombe Wall.
Considering a total of four vents, placed at the top and at the bottom of both the transparent
(external) layer and the opaque (internal) layer, there are four main ventilation modes
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(Tiantian, et al. 2014): not ventilated wall (Buffer mode); thermal insulation mode; natural
ventilation mode (summer cross ventilation); space heating mode.

When the facade component is needed to function mainly as an insulation layer, the buffer or
the thermal insulation mode are usually employed. The first mode is applied during the
heating season, with all the vents closed, while the second one is used during the cooling
season, with both the outer vents opened. It was demonstrated that by using these strategies
the fagade element was able to significantly reduce the thermal transmittance of the wall (in
winter) and to improve solar heat removal (in summer) (Callegari, et al. 2015).

In the natural ventilation mode, the vents at the bottom of the opaque layer and at the top of
the transparent part are opened. This ventilation mode results the most efficient during the
cooling season (Kriiger, et al. 2013; Gan, 1998).

The space heating mode is employed during the heating season in order to supply pre-heated
air into the internal environment. In this ventilation mode the vent at the bottom of the
transparent layer and at the top of the opaque layer are opened, and it was defined as the best
mode during the heating season (Bajc, et al. 2015; Briga-Sa, et al. 2017).

This last ventilation mode is more efficient when the external layer of the opaque component
is able to maximise the solar radiation-to-heat conversion, as a solar receiver (Lopez-Herraiz,
et al. 2017), and it was proved that the application of a high absorption coating on the exterior
surface of the massive wall can improve the absorption and storage capacity of the Trombe
Wall (Nwachukwu and Wilfred, 2008; Ozbalta and Kartal, 2010). Usually, high absorption
coefficient values correspond to dark colours. This might lead to have a limited choice of
materials and coloured coatings to be used, slowing down the spread of this technology
mainly for aesthetic reasons.

In the present study, the fan-assisted solar air heating fagade operates in space heating mode.
The analysed fagade is provided of an outdoor vent, placed at the bottom of the external layer,
which enables external air to flow through the entire height of the air cavity. This flow is
generated by an axial fan placed at the top part of the opaque layer, connecting the air cavity
with the indoor environment. In this way, a controlled rate of air can be introduced in the
indoor environment. Moreover, while dark coloured surfaces are used in Trombe walls to
enhance the greenhouse effect happening in the air cavity, a novel lightweight and light
coloured layer was here used.

METHODS

During a previous experimental campaign carried out on a fagade system called Naturwall®
(Callegari, et al. 2015), two types of facade component were installed on the south side of the
test apparatus, an outdoor test cell called TWINS (Testing Window INnovative System), in
order to evaluate the behaviour of a solar air heating component.

Both components are characterized by a first external transparent layer (6 mm), an air gap and
an inner opaque component. The opaque component consists of (from the inside to the
outside) an OSB (Oriented Strand Board) layer (1.8 cm), a honeycomb cardboard insulation
layer (8 cm) and another OSB panel (1.25 cm).

Module D (Figure 2) is 0.82 m high and 0.82 m wide and it is characterized by having the
external OSB layer painted in black, a non-ventilated air gap and a clear glass as the external
transparent layer. The original Module A (Figure 3), 3.07 m high and 0.82 m wide was
modified by the Authors adding an additional 1.5 cm cellular polycarbonate layer with a
particular geometry against the OSB panel face toward the air gap and installing an axial fan
at the top of the opaque component in order to guarantee about 26 m>/h of air flow rate.
Moreover, as external transparent layer a compact polycarbonate panel was chosen.

The main measured entities were the incident solar radiation, the temperatures (both air and
surface ones) and the heat fluxes (between the cavity and the internal environment).
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Measurements were performed through pyranometers, type T thermocouples and heat flux
meter sensors (Figure 2, Figure 3) recorded every 15 minutes through a Datataker.

A first set of measurement was aimed at evaluating the effects of the cellular polycarbonate
so to assess in the other analyses its influence on the global performance. A comparison
between Module A and Module D was thus carried out, making the two modules operating in
the same conditions: Module A fan was turned off and the vent was air-tight closed.

Figure 1 — Module A and module D installed on the outdoor test cell (TWINS)

Figure 2- Scheme of the functional layers and the sensors used in Module D
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Figure 3 - Scheme of the functional layers and the sensors used in Module A.

In order to provide a quantitative indicator to assess the capability of the ventilated module to
mitigate the heating and ventilation loads, solar efficiency (ns1) was defined considering the
heat supplied into internal environmental (Qsupply) and the incident solar radiation measured on
the vertical plane (Qso1) according to Equation 1:

m

zosupplv ZV ) Cp P (Tout _Text)
n 2 -100= -2 (1)

sd = " m m
ZQSO/ Z/sol : A

where n and m are respectively the beginning and the ending time of the examined day; V is
the air flow rate (m%/s); C, is the air specific heat (J/kgK); p is the air density (kg/m?); T, and
Text are respectively the supply and the external air temperatures (K); Iy is the incident solar
radiation (W/m?) and A is the surface area (m?).

RESULTS AND DISCUSSIONS

Figure 4a shows a sunny winter day characterized by high solar radiation, which reaches
values of 800 W/m?. It is possible to notice that, during the hours of maximum solar radiation,
external air temperature ranges between 10°C and 14°C, while the air temperatures in the two
cavities are of 83°C and of 89°C respectively for Module A (Tcav 24) and Module D (Tcay p).
Figure 4b shows experimental data from Module A when ventilated by the above described
axial fan. Solar radiation was stable throughout the day, with peak values of 800W/m? and
external air temperature of about 20-23°C between 12:00 and 18:00. At around 14:00 it is
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possible to notice that the air cavity temperature at middle height (Tcav 24) is of about 51°C, at
the highest measurement point (Tcav 34) is 53°C and enters the indoor environment (Tou) at
49°C!. In these conditions, the solar efficiency for the analysed day (April 8") is of about
20%.

Results shown in Figure 4 show that the cellular polycarbonate layer, although being
characterized by a much lower absorption coefficient (a), is able to heat up the cavity air
roughly as much as the black-painted surface. This is due to its particular geometry, which
provides more exposed surface to the solar radiation.

800
/A e o .-, 800

N 600
500
r - 400

1 - 300

Solar radiation [W/m?]
Solar Radiation [W/m?]

200

, \ 100 ! \ 100

40

O 60 —
£ 9
v 50 &,
= o ;
g 0 = 30 F
[T & i
230 5 i
=] =" i
T 3 g . f
= gz I}
10 i i/
i’
0 10
0:00 3:00 600 900 12:00 15:00 18:00 21:00 0:00 000 300 600 900 12:00 15-00 18:00 2100 0:00
= = = Text Tcav_2A  eeeeeeens Teav_3A
== =Text ===== Tcav_2A Tcav_ D =+ = Isol - =
Tout - = Isol
(a) (b)

Figure 4 — (a) Experimental data measured of the cavities air temperatures. (b) Module A:
experimental data measured of the cavity air temperatures at the different heights and of the
outlet temperatures.

When working as a solar air heating facade module (ventilation turned on), it was observed
that a significant increase in temperature between the intake and the supply air occurred.
Figure 4b shows an increase of about 25°C between external air temperature and the outlet
one, meaning that the system was providing 26 m>/h of air useful for both ventilation and
heating purposes. Moreover, the solar efficiency (of about 20%) is in line with that of existing
air heating collectors (VijayaVenkataRamana, et al. 2012).

CONCLUSIONS

In this study the behaviour of an adaptive facade system was investigated through an
experimental campaign. As a first step, a comparison between a novel solar absorption layer
(the cellular polycarbonate) and a traditional dark surface (typical of Trombe walls) was
carried out, demonstrating how both have almost identical effects on the air cavity

't is worthy to mention that the thermocouple used to measure the outlet temperature is placed on the internal
side of the opaque component, therefore a little drop in temperature occurs between the air cavity and the outlet
temperature.
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temperature. Then, assessment in terms of performance and efficiency of the fagade system
were performed trough additional experimental measurements of Module A working in space
heating mode (ventilation turned on).

From the obtained results it is possible to state that more aesthetically pleasant solutions for
solar air heating facades are possible. Indeed, the use of a lighter material colour with an
adequate geometry has demonstrated to be comparable to a flat, black surface in terms of
capability of heating the cavity. This outcome could enable similar solutions to arise, resulting
in an easier integration of solar air heating fagade systems in buildings.

When operating in space heating mode, the fagade showed interesting capabilities in rising the
air temperature, since a 25°C difference in temperature was observed between external and
outlet air. Moreover, the system solar efficiency of about 20% is absolutely comparable with
that of existing solar air heating technologies.

Given the great potential of the system to lower building energy need for heating and
ventilation, further studies need to be carried out to assess the fagade behaviour over a longer
period (the entire heating season), also evaluating different technological solutions for both
the transparent and the opaque components. Moreover, different control strategies can be
explored to best modulate ventilation over time, with potentially great impact on the overall
facade efficiency.
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ABSTRACT

The steady state thermal model discussed in this paper is devoted to predict the temperatures
and heat fluxes through a naturally ventilated DSF, having solar radiation and environmental
temperatures as inputs. It is coupled with a fluid-dynamic model, based on a pressure loop,
which takes into account both buoyancy and wind pressure at the openings.

The model has been validated against experimental data, basing on the prediction of the
internal surface temperature of the DSF. Results show acceptable accuracy in the prediction of
the heat flux towards the inside, even though they reveal a slight heat flux overestimation
associated with dynamic effects. These observations lead to further investigate the role of
DSF component capacities in order to increase the model accuracy and its applicability.

KEYWORDS
Building simulation, Airflow measurement, Natural ventilation, Temperature measurements.

INTRODUCTION

The Double Skin Facade (DSF) is a well-known technology, which might offer interesting
adaptive features and improvements in terms of comfort and energy efficiency in buildings
with large transparent facades. The evaluation of these benefits is still an open issue, due to
reappearing difficulties in prediction of DSF thermal and energy performance as an integrated
part of building envelope by means of well-established building simulation tools or recently
developed models (Kalyanova et al. 2009; Manz & Frank, 2005).

Highly dynamic performance, initiated by fluctuating boundary conditions explain great
complexity of experimental work for double-skin fagade performance evaluation and thereby
limited number of experimental studies to support validation of new and existing models for
double-skin facades. Furthermore, existing experimental investigations (Kalyanova et al.
2007; Marques da Silva et al. 2015) underline multiple challenges related to investigation of
DSF performance. Airflow measurement in a naturally ventilated cavity, measurement of the
temperature under the strong solar exposure, as well as lack of standard, well-studied
experimental methods for the measurement of the surface temperatures (with and without
solar exposure) are found among the challenges. Experimental work carried in the of IEA
ECBCS ANNEX 43/SHC Task 34 (IEA, 2007) had addressed some of these challenges in
order to assemble a data set for empirical validation of building simulation software tools
when double-skin fagade performance evaluation is in question. This data set is applied for the
validation of the model in this publication.

The thermal model discussed in this paper is an extension of a model already presented
(Angeli at al. 2015, Dama et al. 2016 and 2017) in which the thermal and fluid dynamic ‘core’
of the ventilated cavity was validated having the channel surface temperatures as boundary
conditions. In this work a suitable thermal network has been implemented to simulate the DSF
having wind, solar radiation and environmental temperatures as inputs.
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EXPERIMENTAL SETUP

The Cube is an outdoor full-scale test facility located near the main campus of Aalborg
University, Denmark. T. A photo of Southern and Northern facade of the facility is shown in
Figure 1.

Figure 1. The Cube. Photo of Southern fagade (left) and photo of Northern fagade (right).

The double-skin facade is facing South and consists of an internal double-glazed layer (4-
Arl6-4) and a single-glazed exterior layer. Specifics of the material properties of all
constructions in the Cube can be found in (Larsen et al. 2014). The experiments are performed
in the external air curtain functioning mode, i.e. with naturally ventilated air cavity.
Particularly relevant to the task of this paper is to mention the procedures for the measurement
of air and surface temperatures when the sensors are exposed to direct solar radiation, as well
as the measurement of incident solar radiation. In (Kalyanova et al. 2007) it is explained that
the presence of direct solar radiation is an essential element for the facade operation, but it can
heavily affect measurements of air temperature and may lead to errors of high magnitude
using bare thermocouples and even adopting shielding devices. Taking this into consideration,
the thermocouples in DSF cavity were protected from the influence of direct solar radiation.
The air temperature was measured using the silver coated and ventilated tube to reduce the
impact of incident solar radiation. Meanwhile, surface temperature was measured by
attachment of the thermocouples (type K) to a surface, using highly conductive paste and then
fixed to the surface using the transparent tape. Surface temperature sensors were also
protected from the impact of incident solar radiation, using two following strategies,
depending on position of the sensor (Figure 2):

- Highly reflective film of apx. size 20x20 mm shields the thermocouple 1.

- Highly reflective shield made out of thin aluminum foil has the dimensions to ensure

shielding both thermocouples 2 and 3.

Figure 2. Shielding strategy from incident direct solar radiation. Left: Plan of DSF cavity.
Right: Section of DSF cavity.

188



7th International Building Physics Conference, IBPC2018

Thermocouples for the air temperature measurement were placed in the DSF at six different
heights. Surface temperature is measured in the center of each glass pane.

Uncertainty of equipment for the temperature measurement is estimated to maximum +/- 0.14
°C, this uncertainty, however does not address the issues of the solar exposure, as well as the
limitations of the surface temperature measurements related to attachment of the sensor to the
surface.

MODEL DESCRIPTION

The thermal model developed is based on steady state energy balance equations. It considers
both convection and long wave radiation. The convection inside the channel is modelled by a
simplified integral approach employing average bulk temperatures and superficial heat
transfer coefficient correlations. The thermal model is coupled with a fluid-dynamic model,
based on a pressure loop which takes into account both buoyancy and wind differential
pressure at the openings as described by Dama (2017). Figure 3 describe the implemented
DSF thermal network.

| g, |
| | R | | [ |
[ |

l

52 | cond,2 | cr,glass | Rcor‘.dkz |Tsi Rcr.ir.t int

Figure 3. Thermal network of the ventilated channel. ¢4, ¢, and ¢ correspond to the solar
radiation absorbed respectively by the glass of the outer skin, the external glass and the
internal glass of the inner skin (double glazed unit).

Table 1 shows a summary of the correlations used for the surface heat transfer coefficients.
A fictitious thermal resistance, R, is introduced to couple the air in the channel with the
outdoor air, and is defined as in the follow:

Tf_Tin D, _L'S'p'v'cp'(Tout_Tin) (1
0, PEHLT H-L

where Ty is the air bulk temperature inside the channel, ¢, is the heat per unit area removed

by ventilation, T, is the inlet air temperature and T,,,; the outle

Using the definition in Equation 1 is possible to derive the following expression for R,,, which

depends only on the air velocity and on the surface heat transfer coefficients:

Ry

e k-1 (hova +hevo)

R, = =
Y (hcvl + hcvz)(l - e_kH) S prUCy

2

The complete angular characterization of the DSF glazing systems was obtained from LBNL
Window. Table 2 reports the normal incidence properties of the glazing adopted in the
experiments and in Window calculation. The Window optical characterization provides the
inputs for Equation 3, which describes the heat absorbed by each glass.
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Table 1. Surface heat transfer
External side Channel Internal side

Convective part Sharples (1984) McAdams (1954) Churchill and Chu (1975)

Radiati ot Tsy based on Grey surfaces Grey surfaces

adiative pa Swinbank (1963) Linearized exchange Linearized exchange

RESULTS AND DISCUSSION

An experimental validation of the thermal and fluid dynamic model of the ventilated channel
using as boundary condition the glass surface temperatures was already presented (Dama at al.
2017). This work focuses on the thermal network implementation, which employs as input the
environmental temperatures and the solar irradiance and allows to calculate the convective
and radiative (long wave) heat transfer through the DSF towards the interior. This flux strictly
depends on the surface temperature of the internal glass of the inner skin (double glazed unit).
Figure 3 shows the measured and modelled internal surface temperature (position 3 in the
drawing of Figure 2) during the 15 days of the experimentation. Table 3 reports the daily
integrated values of the surface heat fluxes form the DSF toward the inside of the Cube,
separating the positive contributes to negative ones.

Figure 4. Internal surface temperature of the inner skin, model versus measurements
(TSimodel/ TSiexp). Tint — internal air temperature.

The results show that the internal surface temperature is predicted with acceptable accuracy,
even though a general overestimation is observed when solar irradiance heats up the DSF. For
outward heat fluxes, the daily relative errors are below 6% during night time and around 12%
in cloudy days. For inward fluxes the average overestimation is about 25%, and reduces to
15% in the last three days of the experimentation, with more stable solar and wind conditions.

In order to have better picture of model predictions versus measurements, Figure 5 shows also
inlet and outlet air temperatures and surface temperature of the glasses facing the channel.

It can be noticed that, while the internal surface temperature is slightly overestimated, the
outer surface temperatures, facing the ventilated channel, are underestimated.
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It can also be observed that, while the modelled temperatures have the same dynamic profile,
which instantaneously responds to the solar irradiance, the measured values show a bit more
complex dynamics. The internal surface temperature increases slower than modelled and the
surfaces temperature 1 and 2 (respectively of outer glass and external surface of the inner
skin) decrease slower than modelled. Component capacities are often omitted when modelling
DSF performances, in this case it might have led to an overestimation of the heat transmitted
to the inside. Further investigation is therefore advisable first of all to identify the exact origin
of heat gain overestimation and then to evaluate significance of the heat capacity of the
glazing for better prediction of complex dynamic processes in the DSF and thereby increasing
the accuracy and the applicability of the model.

Table 2. Heat exchange towards interior. Model versus experimental results. Daily integrated
values calculated separately for hours with flux inwards (+) and hours with flux outwards (-)
Day  Qin (+) Model  Qint (+) Exp. Rel error (+) Qint (-) Model Qint (-) Exp. Rel. error (-)

[Wh/m] [Wh/m] [Wh/m] [Wh/m]
1 1380 1238 11% 670 684 2%
2 620 392 58% 723 684 6%
3 590 386 53% 708 703 1%
4 526 227 132% 850 827 3%
5 1415 1035 37% 891 900 1%
6 481 367 31% 727 765 5%
7 1016 790 29% 715 761 6%
8 1309 1130 16% 784 819 4%
9 808 697 16% 644 658 2%
10 1857 1515 23% 753 717 5%
11 142 27 429% 1038 1176 12%
12 0 0 - 1004 1144 12%
13 1216 1073 13% 835 832 0%
14 1228 1040 18% 1157 1208 4%
15 1133 988 15% 1079 1142 6%

Figure 5. Glazing surface temperature and air temperature. Model versus measurements for a
single day (October the 10™). On the left the air and the surface temperature of the glazing
facing the ventilated cavity, on the right the internal surface temperature of the inner skin.
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CONCLUSIONS

A thermal model for simulating naturally ventilated Double Skin Facades under variable
boundary conditions — wind, solar radiation and environmental temperatures - has been
implemented and results have been compared with measured data from a full scale test
facility.

The validation, based on the prediction of internal surface temperature of the DSF, has
showed acceptable accuracy even though an overestimation is observed when solar irradiance
heats up the DSF. This leads to an overestimation of the heat transmitted inwards of about
15%, limiting to the three days with more stable wind and irradiance, and around 25%
averaging over the 15 days of the experimental campaign.

The presence of dynamic effects, which might be associated to the DSF component capacities,
has been observed and will be furtherly investigated in the future model implementation in
order to increase its accuracy and applicability in the frame of building performance
simulation.
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ABSTRACT

Relative humidity and temperature were measured in cold attic spaces under the eaves with
diffusion-open roofing underlay to investigate different ventilation strategies, the influence of
infiltration, and exterior insulated roofing underlay. The project was carried out as a full-scale
experimental setup in the cool, temperate climate in Lyngby, Denmark. The objective was to
test if the best practice recommendations concerning design of the cold attic space will
prevent damaging moisture levels in the attics. Measurements do however indicate that
complying with recommendations will not ensure satisfactory moisture levels in the attic
spaces. A comparison of the passive ventilation strategies in combination with varying
infiltration rates, for attic spaces fitted with diffusion-open roofing underlay, indicate that attic
ventilation increases moisture levels. The exterior insulation of the attic space improved the
hygrothermal performance.

KEYWORDS
Cold attics, ventilation, diffusion-open roofing underlay, insulated roofing underlay, moisture

INTRODUCTION

Recommendations regarding design of cold attics in cold, temperate climates are to ventilate
moisture away using outdoor air, and to ensure air- and vapour tightness towards the
conditioned spaces. Previous studies by the Technical University of Denmark (DTU) (Bjarlev
et al., 2016) and other studies (Fugler, 1999; Harderup & Arfvidsson, 2013; Roppel &
Lawton, 2014) do however indicate that moisture induced damages can be found in attics even
when constructed in compliance with local best practice recommendations. Some studies
(Essah et al., 2009; Harderup & Arfvidsson, 2013; Ojanen, 2001; Uvslekk, 2005) have
investigated the use of diffusion-open roofing underlay as an alternative to passive ventilation,
indicating a lowering of the diffusion resistance may reduce moisture levels in the attic space.
Single-sided passive ventilation with one or two ventilation valves have previously been
investigated by DTU (Bjarlev et al., 2016; Pold, 2015) for attics with diffusion-open roofing
underlay in a cool, temperate climate. Here reported results indicated that single-sided passive
ventilation had a detrimental effect and led to an increase in humidity of air by volume. The
authors hypothesized that the observed detrimental effect was a result of a lower air tightness
allowing for more air to infiltrate from the conditioned interior. Simulations by Essah et al.
(2009) for attics with diffusion-open roofing underlay suggests an increase in moisture levels
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due to eave-to-eave ventilation. Meanwhile experimental studies by Hagentoft & Sasic
Kalagasidis (2010) have investigated attics fitted with adaptive ventilation, indicating superior
performance compared to eave-to-eave ventilation. Simulations by Nik et al. (2012) support
these indications for adaptive ventilation, as well as suggest superior performance compared
to attics with eave- and gable ventilation, and insulated roofing underlay. Furthermore,
experimental studies including (Harderup & Arfvidsson, 2013) have investigated the
influence of long-wave radiation, and observed lower temperatures in the attic construction
than in the outdoor air, increasing the risk of condensation on the roofing underlay.

The objective of the research project was to test the best practice recommendations
concerning design of the cold attic space. Especially whether compliance with the Danish
building regulations (TBST, 2018) regarding the airtightness of the building envelope (less
than 1 1/s per m?> heated floor area at 50 Pa pressure difference) will prevent damaging
moisture levels. According to official Danish guidelines, appropriate ventilation of the attic is
recommended and this may be achieved with attic using “pressure equalization” (based on
stack effect ventilation) (Brand et al., 2009). However, (Brand et al., 2013) state “It cannot be
expected that a diffusion-open roofing underlay (Z-value < 3 GPa m? s/kg) will to a sufficient
extent remove moisture from the attic rooms and attic rooms under the eaves (when the floor
width > 1 m). Unless the vapour retarder toward the indoor climate is perfectly installed, these
attics will need some degree of ventilation.” Therefore, the guidelines suggests to ventilate the
attic using two ventilation valves. Measurements of relative humidity and temperature will be
presented for different attic designs, as well as temperatures in the roofing underlay. Results
are expected to contribute to enhancing the current best practice recommendations for design
of cold attic space under the eaves, to reduce the risk of moisture induced damages.

METHODS AND MATERIALS

The experimental setup consisted of a 45° single sided pitched roof, constructed on top of a
40-foot reefer container, conditioned to 20 °C and 60% relative humidity (corresponding to an
indoor climate class 3 (Brand et al., 2013)). The roof was subdivided into nine attics with the
interior dimensions (LxWxH) 1.25 m x 1 m x 1 m, each with different design variations, of
which seven are presented in this paper. Special care was taken to reduce potential sources of
error like unintentional transport of heat, air, moisture and mould spores. Thus, hygric- and
thermal decoupling were established between the attic spaces and to the conditioned spaces,
using vapour retarders and thick layers of mineral wool. The attic spaces were fitted with a
diffusion-open roofing underlay, with a vapour diffusion resistance, Z, of 0.1 GPa-s'm?/kg.

As indicated in the Corrugated fibre-cement

drawing, the structure is Vapour retarder é
:g;:ﬁtﬂd with two 200 mm half-section timber ;:

. =
The insulation is 200 mm and 100 mm insulation gg
I:\mgfaal 9"237 WimK Thermocouple in the roofing underlay ==
Al joints at transitions 2x HygroClip sensors in the attic space :~
between plates and | Access
container, moisture Cold attic space under the eaves /#| hatch
barriers, etc. are i =
sealed with silicone. Ventilated =

corrugated block —
Rafters are bolted to lﬂﬂﬂﬂﬂﬂﬂﬂm —=
the container, min Foundation plate and autter dri [N, I
three units, 12 mm oundation plate and gutter drip r
per rafter. 12 mm cover plate @ 100 mm hole for
Verges infiltration tubes
130 mm and 150 mm insulation Insulated container

Figure 1 Vertical section of the cold attic space under the eaves
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The attics were constructed as north facing, cold attic spaces under the eaves, as this
represents the worst-case scenario, since the roof surface receive only a limited amount of
solar radiation. A conditioned loft corridor was constructed on the southern side. The
experiment was conducted at the test site of the Department of Civil Engineering at DTU in
Lyngby, Denmark (55.79°N, 12.53°E). The experiment consisted of three series of variations,
representing different structural roof scenarios. The series were infiltration rate, single-sided
passive ventilation strategies, and exterior insulation. Two different infiltration scenarios were
investigated: 1) 3.4 1/s at 50 Pa pressure difference; 2) No infiltration from the conditioned
spaces. It is easier to construct tight walls, ceilings and floors than it is to construct tight
joints. Leaks are therefore often found where the ceiling meets the walls. This means that attic
spaces under the eaves are in risk of being subjected to (local) infiltration rates well above 1
1/s per square meter attic space at 50 Pa pressure difference over the building envelope that is
allowed by BR18. The 3.4 I/s at 50 Pa pressure difference used in this experiment is used to
approximate the effects of infiltration in an assumed worst-case scenario. Infiltration was
established by fitting several attics with PVC tubes connecting the attics and the conditioned
spaces. Three different ventilation strategies: 1) Un-ventilated (UV), in which attic spaces
were not fitted with ventilation valves; 2) Pressure equalization (PE), in which attic spaces
were fitted with a valve in the top corner. 3) Single-sided ventilation (SSV), in which attic
spaces were fitted with two valves, diagonally in the top and bottom corners. The third series
compared an unventilated attic space with infiltration, to an identical attic, fitted with a 50mm
polystyrene insulation on the exterior side of the ventilated cavity. This series investigated the
influence of long-wave radiation. An overview of the attic variations is presented in Table 1.

Table 1 Overview of attic variations

Attic space B1 B2 B3 B4 B5 B6 B7
Infiltration rate at 50 Pa - - - 341/s 341/s 341/s 341/s
Ventilation strategy uv PE SSv uv PE SSvV uv
Exterior insulation - - - - - - +

Temperature and relative humidity sensors were installed in the attic spaces (two in each),
outside, and inside the conditioned container, while temperature sensors were installed in the
roofing underlay (see Figure 1). The presented results are based on measurements logged
every 10 minutes from November 2014 to May 2017. Note that measurements from the two
sensors in the attic spaces were averaged. The accuracy of the sensors is shown in Table 2.

Table 2 Accuracy of sensors

Instrument Measurement Accuracy Range

Rotronic HygroClip Temp. +0.1 Kat23 °Cand 10, 35 and 80% RH -50 to 100°C

28 RH +0.8 % at 23 °C and 10, 35 and 80% RH 1 to 100 %

Thermocouple type T  Temp. +0.5Kat0°C -200 to 350 °C
RESULTS

In the following, the measured temperature and relative humidity in the attic spaces are
presented as 15-days moving average of the derived daily average values, using 7 days before
and after the current date (Figures 2-3). Figure 2 shows the relative humidity for attics without
infiltration (B1-3) and with infiltration (B4-6), where higher relative humidity is seen for the
cases with ventilation and/or infiltration. The highest relative humidity is seen for the PE attic
(BS5). Figure 3 shows the temperatures in the attic spaces. Since the measured temperatures
were almost identical for attics B1-4, the measurements are shown in combination, against the
PE attic (B5) and the SSV attic (B6). Slightly higher temperatures were seen for B5 and B6
during the cold periods (highest for B5,) and slightly lower during the warm periods.
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Figure 2 Relative humidity in the attics spaces, indoor, and outdoor.

Figure 3 Temperatures in selected attic spaces, indoor, and outdoor.

Figure 4 shows the difference in temperatures measured in the roofing underlay and outdoor
air, when the temperature in the roofing underlay is lower than the outdoor air. Temperatures
are presented as hourly averages of the logged data. The difference in temperatures is the
effect of the exterior insulation mounted on attic room B7 preventing heat loss by long-wave
radiation. Heat losses from radiation will be greatest during cold nights with clear skies. Focus
in the presented data is therefore on cold periods. November 1%, 2016 to May 1%, 2017 was
chosen, as the lowest temperatures were observed during this winter period. Tendencies were
similar for the other winter periods. In Figure 4 the roofing underlays are seen to experience
temperatures several degrees below that of the outdoor air. The uninsulated underlay (B4) is
seen to frequently experience the largest temperature difference to the outdoor air (when B4 >
B7). Furthermore, the humidity of air by volume was calculated for the attics, and the
insulated attic was seen to experience an increase of up to 0.35 g/m* during the winter periods.

Figure 4 Temperature in the roofing underlay relative to the outdoor air.

DISCUSSIONS
Considering the humidities of B1 and B4 in comparison to B2-3 and B5-6 in Figure 2,
measurements seem to indicate that ventilation of diffusion-open attic spaces under the eaves
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in a cool temperate climate using PE or SSV will increase the relative humidity. While a
comparison of B1 to B4, B2 to B5, and B3 to B6, indicate that the relative humidity also will
increase in case of infiltration from the conditioned spaces. Lastly, a comparison of Bl to B4
and then to B5-6 show the compounding effect of infiltration and the tested ventilation
strategies for the attic spaces with diffusion-open roofing underlay, where the relative
humidity was observed to increase even further. The PE attic experienced the largest increase
in temperature and relative humidity (B4 to B5). A smaller increase in relative humidity was
observed for the SSV attic (B4 to B6). We believe that the observed increase in moisture
levels is due to untight ceiling and roof constructions allowing a stack effect to cause an
updraft of infiltration air.These indications correlate with findings of previous experimental
studies by DTU (Bjarlev et al., 2016; Pold, 2015). However, in contrast to Bjarlev et al.
(2016) but in agreement with Pold (2015), the ventilation strategy PE (B2 and B5) was shown
to result in the largest increase in the moisture levels, compared to SSV (B3 and B6).
Simulations by Pold suggested that PE will exacerbate infiltration from the indoor spaces due
to negative pressure under the roof cladding, resulting in increased moisture levels. Polds
simulations also suggested that SSV increase moisture levels in attic spaces just to a smaller
extent. Findings concerning lowered moisture levels due to reduced attic ventilation for attics
with diffusion-open roofing underlay in cool temperature climate, correlate with the
experimental studies by Harderup & Arfvidsson (2013) and Ojanen (2001), as well as the
simulation results by Essah et al. (2009). Furthermore, as it was the case for these attic spaces,
Harderup & Arfvidsson also observed relative humidity favorable for mould growth during
the cold periods. In this study, relative humidity favorable for mould growth, was observed
between mid-August to mid-April, when considering 75% relative humidity as critical limit as
suggested in the best practice recommendations (Brand et al., 2013).

Considering the temperature difference between the outdoor air and the roofing underlays in
Figure 4, measurements indicate that externally insulating the roofing underlay reduces the
heat loss due to long-wave radiation for these attics. The roofing underlay temperatures in the
externally insulated attic (B7) were seen to increase by up to 2.5 °C compared to the
uninsulated attic (B4), and 0.5 °C on average. This difference between the two roofing
underlays occurred around midnight on May 18™, 2017. The roofing underlays were observed
to experience temperatures below that of the outdoor air (Figure 4); and despite the focus on
clear, cold nights, the largest temperature difference between the roofing underlays and the
outdoor air occurred around 14:00 on February 14" 2017: a difference of 6.7 °C for the
uninsulated attic and a difference of 6.6 °C for the insulated attic. Roofing underlay
temperatures below that of the outdoor air and attic space air is a potential risk, as movement
of warmer, moister air to the roofing underlay could lead to condensation on the interior
surface. In the summer periods the attic spaces were almost identical. These findings correlate
with Harderup & Arfvidsson (2013), who during the cold periods observed the highest
temperatures in the externally insulating attics, compared to the uninsulated; also, a small
increase in the moisture levels was observed. Finally, our measurements thus seem to indicate
that the exterior insulation has both positive and negative effects on the moisture balance in
this attic space with the temperature increase in the roofing underlay being good while the
increase in the humidity of air by volume in the attic space is not.

CONCLUSIONS

Measurements from different cold attic spaces under the eaves fitted with diffusion-open
roofing underlay, indicate that following the current best practice recommendations regarding
passive ventilation does not guarantee safe moisture levels in attic spaces. Ventilation of these
attic spaces seems to lead to an increase in moisture levels, and so does infiltration from the
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conditioned spaces. Allowing for infiltration in combination with ventilation allows for even
higher levels of moisture. From this, the results indicate that the assessed ventilation strategies
under similar physical conditions does not mitigate moisture problems but may instead
exacerbate moisture problems. Furthermore, exterior insulation of the attic spaces reduces the
risk of condensation on the interior surface of the roofing underlay slightly. However, more
data and analysis about other construction scenarios are needed for more general conclusions.
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ABSTRACT

Sealed attics with fiberglass have been in the US building codes for several codes cycles. Prior
to the IRC 2018, air permeable insulation (such as fiberglass) was previously allowed to be
deployed without continuous air impermeable insulation only in dry climate zones 2B and 3B
in tile roofs systems. New research has revealed that asphalt shingles can also be allowed as
implemented in the new IRC 2018 with a new addition to the section for sealed attics using air
permeable insulations. The new building code also permits the use of air permeable insulation
without air impermeable insulation in climate zones 1 to 3 (including moist climates “A”’) when
certain conditions are met in the design. To expand the use of the sealed attic system in moist
climates (1A to 3A) field testing was needed to further understand the impacts of roof claddings
and diffusion vent.

The authors identified the need for collection of field test data to validate the new sealed attic
design that was being implemented in the IRC (2018 International Residential Code). Testing
of sealed attics exposed to a southern climate (Charleston, SC) was launched in 2015. The goals
were to determine a) if spray foam and fiberglass insulation perform differently in terms of
moisture performance in sealed attics and if so, how and b) if the diffusion vent improves the
moisture performance at the ridge by reducing the high humidity and moisture contents and c)
if asphalt shingles could be used for unvented attics with air permeable insulations in IRC
climate zones 1-3.

This paper summarizes the field testing and simulation results confirming that air permeable
insulation as well as shingles can be used in humid southern climate zones. The new building
code requirements regarding air permeable insulation should be required with all highly vapor-
permeable insulations.

KEYWORDS
Sealed attics, moisture performance, diffusion vent, moist climate zone

INTRODUCTION

Sealed attics with air permeable (and vapor permeable) insulation had experienced moisture
problems in the past (GBA 2010, JLC 2010, Colon 2011, Miller 2016). Some of the past
problems had resulted in changes to the building codes that ultimately prevented using air
permeable insulation in sealed attics. Even with these changes the problems continued
occurring. In recent years further research has created better understanding of the reasons for
failures and has enabled development of systems that fix the issues (Boudreaux et al. 2013,
Salonvaara et al. 2013). However, field testing to prove the concepts was needed to allow for
the sealed attic systems to be used in different climates and with air permeable insulation.

Conventional attic construction involves providing insulation on the floor of the attic and

ventilation of the attic space (vented attic) from the outside. When an air distribution system is
installed in the vented attic, any duct or air handler leakage creates an energy penalty in addition
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to conduction and radiation losses. An alternative to conventional vented attics is an unvented
attic which is also known as a sealed attic. Insulating the attic roof deck and blocking ventilation
of the attic space to the outside moves the thermal boundary to the sheathing roof line. The air
distribution system is now located within a semi-conditioned space, which increases its overall
efficiency, durability, and maintainability. The sealed attic can be built as an unvented attic with
insulation in direct contact with the roof deck or with a ventilated roof deck with an air tight
interior layer in the attic side of the ventilation gap. The ventilated roof deck is not common in
unvented attics, but is an option for a cathedral ceiling. The cathedral ceiling is over conditioned
living space whereas the roof deck in the sealed attic is exposed to an attic space that is typically
only indirectly conditioned.

Moisture problems in sealed attics and proposed solutions

The moisture problems experienced in some sealed attics are mainly of two types (Salonvaara
et al, 2013): 1) High moisture in the roof sheathing mostly at the ridge and 2) high humidity or
condensation in the attic space.

The latest changes to the International Residential Building code (IRC 2018) include a
requirement for conditioning the sealed attic by supplying air from the ductwork at a rate of 50
cfm per 1000 sqft of ceiling (0.25 L/s,m?) and the addition of a diffusion port when air-
permeable insulation is used in sealed attics. The purpose of the diffusion port and conditioning
are to provide control for moisture at the ridge and the attic humidity, respectively. A diffusion
port is a gap at the ridge (greater than or equal to 1:600 of the ceiling area) covered by a vapor
permeable membrane (vapor permeance 20 perms of more) to create water and air tightness but
allowing for vapor transport between the ridge and outdoors. Previous studies have been carried
out by Kohta and Lstiburek (2013) regarding the diffusion port. Attic conditioning is a new
approach that has previously not been well investigated.

METHODS

Field tests were conducted at the Natural Exposure Test (NET) facility (Figure 1) located in
Hollywood, SC, a suburb of Charleston. Charleston is in climate zone 3A which is described as
warm-humid with cooling degree days CDD10°C ranging from 2500 to 3500 and heating degree
days HDD18 °C < 3000 and with precipitation more than 50cm annually. Personnel from Oak
Ridge National Laboratory (ORNL) instrumented attic assemblies on the NET facility and
collected data for two years. The instrumentation included temperature, relative humidity and
moisture content sensors. The site has its own weather station recording hourly values.
Simulations with a hygrothermal simulation model (Fraunhofer IBP) were carried out to
compare simulated predictions of performance to the field performance.

Studies in a Large Scale Climate Simulator at ORNL were performed in addition to the field
tests to carry out side by side tests with different configurations. Data from these tests are shown
in discussion of the performance of the diffusion port only.

The test period covered two years at the NET facility. Attics installed in the NET facility include
three different insulation types: open cell spray foam (ocSPF, density 0.5 kg/m?), closed cell
spray foam (ccSPF, density 2 kg/m®) and netted and blown fiberglass (FG, 21 kg/m?). The solar
reflectance of the shingles is 4% and 25% for conventional and cool roof shingles, respectively.
The attics are listed in Table 1 in the order they appear in the test hut.

RESULTS

Installation of the roof sections occurred early 2016. Data has been collected from March 2016
till March 2018. Data are missing for October to mid-November 2016 due to storms causing
unrecoverable power shortage. In the end of May 2017, computer fans were installed in the
attics insulated with fiberglass to provide the venting rate 50 cfm/1000 sqft of ceiling area (0.25
L/s,m?) as specified in IRC 2018 for sealed attics with air permeable insulation in southern
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climate zones 1A-3A. The setup did not allow for conditioning the attics with air from the
ductwork and instead the ventilation air is coming from the conditioned test hut.

Table 1. Types of attics, insulation and shingles details.

Attic # Type Insulation/R-value Shingles type
2 Sealed ocSPF, R-22/RSI1-3.9 Conventional
3 Sealed ccSPF, R-22/RSI-3.9 Conventional
4 Sealed FG, R-38/RSI-6.7 Cool Roof

5 Vented FG, R-38/RSI-6.7 Conventional
1 Sealed FG, R-38/RSI-6.7 Conventional
7 Sealed, FG + Diffusion port FG, R-38/RSI-6.7 Conventional

The roof planes (3:12 pitch) are facing South and North. Figure 1 shows the different attics as
arranged in the test hut.

Figure 1. Schematics of the attics in NET facility. The arrangement includes 5 sealed attics and
one vented attic.

Climate conditions and attic humidity

During summer in the first year the attic humidity in the attics with vapor permeable insulation
rises quite high reaching 80% relative humidity and even higher above 90%-RH in the attic
with open cell spray foam (Figure 2). In the end of May in 2017 fans were installed in attics 1,4
and 7 to ventilate the attic spaces with indoor air at the rate 50 cfm/1000 sqft of ceiling area
(0.25 L/s,m?). The humidity level in the attics dropped right after the fans were installed which
is clearly seen in attics 1 and 7. Attic 4 has cool roof shingles with solar reflectance 0.25. This
attic does not reach as high humidity in the attic space and the overall level is lower than in the
other attics with fiberglass insulation. This is due to the cooler roof deck which creates less
vapor flux from the roof deck into the attic space. Similarly, the low humidity in attic 3 with
closed cell spray foam is a result of low vapor flux from the roof deck which is due to the low
water vapor permeance of the insulation layer.

Roof deck moisture content

The moisture content of the roof deck (OSB=oriented strand board) never reached unacceptable
levels and mostly stayed below 14% by weight (Figure 3).
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Figure 2. Indoor and outdoor temperature and relative humidity (7 day moving average, left)
and attic air relative humidity during the two-year test period (right).

Figure 3. Moisture content of the roof deck in the north (left) and the south (right) roof slope.

Humidity at the ridge and the effect of diffusion port

Laboratory tests in a climate simulator for attic sections with and without a diffusion port
allowed for close investigation of the effect of the diffusion port on moisture conditions at the
ridge. Figure 4 shows the sensor mapping and the water vapor pressure contours in the attic in
an afternoon with simulated weather data.

Sensor map Diffusion port No diffusion port

Figure 4. Water vapor pressure contours in a summer afternoon in the attics with shingles and
fiberglass insulation with and without a diffusion port at the ridge. Results are from the Large
Scale Climate Simulator tests.

The moisture removal was more isolated near the ridge area, Figure 4. Moist air is more buoyant
than drier air because of the difference in molecular weight of air and water vapor. The hot roof
deck during sunny hours also creates temperature differences that create buoyancy-driven flows
towards the ridge. The higher the moisture content of the air the more water vapor displaces the
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air, and the air-water density drops compared to air holding less water vapor. Therefore, the
moist air moves toward the diffusion port which acts as a relief valve at the ridge during the
hours of high humidity in the attic. Further down from the ridge the sheathing is not affected by
the moist air even during periods of high humidity.

Simulated versus measured performance

Simulation models are extensively used today to design for building envelope systems to
improve thermal and moisture performance. A whole building hygrothermal simulation model
was used with the weather data measured on site to evaluate whether the model simulations
agree with the measured performance. Simulated and measured data were found to agree well
throughout the seasons. Figure 5 shows results for the roof deck temperature and humidity
during one week in the summer. The results give confidence that hygrothermal modeling is a
valid approach to use for designing attic systems.

Figure 5. Measured temperature and relative humidity at the interface between the roof
sheathing (OSB) and the fiberglass insulation in the north facing roof slope in attic 1.

DISCUSSIONS

Cool roof shingles reduce the temperature swings on the roof deck, which creates less vapor
drive from the roof deck into the attic during sunny days. This has both positive and negative
impacts. In the summer the attic humidity stays lower and high peaks in relative humidity are
less likely with cool roof shingles than with standard shingles. In the winter the lower solar
absorption coefficient keeps the shingles colder thus allowing more time for the roof deck to
accumulate moisture and less vapor drive to dry the roof deck inwards, which results in higher
moisture contents in the roof deck with cool roof shingles than with standard shingles.

Sealed attics (unvented attics) with fiberglass have shown acceptable performance in the test
hut study: moisture contents of the roof sheathing panels have stayed in acceptable levels (per
moisture pin evaluations) and the analyses have not revealed any mold growth risk. Visual
inspection after two years showed no signs of mold at the roof deck.

The open cell spray foam attic performed similarly to the fiberglass insulated attics in terms of
moisture performance. Open cell spray foam has slightly lower water vapor permeability than
the blown in fiberglass, which creates slower movement of water vapor; thus the highest daily
humidity in the roof deck was typically lower than in the fiberglass attics. Closed cell spray
foam has much lower water vapor permeability and the attic with closed cell spray foam showed
a slower response to climatic changes even seasonally by maintaining humidity with less
variations over time than the attics with vapor permeable insulation.
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Diffusion port size and design is currently not optimized. Additional work is recommended on
the diffusion port design and to test the performance of these sealed attics in real full-size homes
in a hot and humid climate. The presented results are for a test hut. Occupant behavior in real
homes may change the indoor conditions that can affect the results.

CONCLUSIONS

The new building code requirements — diffusion port and conditioning of attic space — have
proven effective in providing control of moisture in sealed attics. The diffusion port has been
shown in this as well as in another study (Kohta and Lstiburek 2013) to reduce high moisture
at the ridge. Conditioning of attics by introducing a small flow of conditioned air for the HVAC
supply was shown to be critical for avoiding high humidity in the attic space. The attics in this
study and in this climate zone (3A) had no moisture problems when the attics were conditioned.
Without the conditioned air the attic space can reach high enough humidity levels that are
conducive for mold growth.
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ABSTRACT

Ventilated pitched wooden roofs with eaves (roof overhangs) is a common building practice in
the Scandinavian countries. The eaves are protecting the facade from rain, wind driven rain
(WDR) and snow, and it covers the roof ventilation aperture. The eaves should be designed so
that the least possible amounts of rainwater and snow enters the ventilation aperture between
the roof cladding- and underlayer roofing. At the same time, adequate ventilation of the roof
must be ensured to promote proper drying-out capabilities of the roof and to avoid problems of
snow melt and ice formation at eaves and gutters during winter season. Small or almost non-
existing eaves is a trend in modern architecture. It is a common perception that such solutions
are more vulnerable to moisture damages due to possible increase of water penetration into the
roof aperture.

The aim of the study is to experimentally investigate the moisture robustness of the described
risk area and to find answers to how the design of eaves influence the amount of rain that is
driven on to the underlayer roofing under the aperture in ventilated roofs.

It was found that the amount of collected water in the different test series to a large extent are
given by the water droplet size as well as the wind velocity inside the air cavity. The results
from this study simulates an example of a rain event with heavy rain intensity and strong winds
(storm). The test represents an example of a storm event with a given droplet size distribution.
The results indicate that an increased pressure drop decreases the water ingress. Comparative
tests showed that installation of a wire mesh largely decreases the measured water collection
and the dynamic pressures inside the air cavity.

KEYWORDS
Roof design; eaves; robustness; precipitation, water ingress

INTRODUCTION

Moisture related damages pose significant challenges to the Norwegian built environment.
Indoor moisture, damp building structures and precipitation stresses the building envelope and
can provoke significant damages. 75 % of all damages and defects in the Norwegian building
stock are caused by moisture related problems and 2/3 of defects are related to the building
envelope (Lise 2006). In pitched wooden roofs 67 % of the defects are caused by precipitation
or indoor moisture (Gullbrekken, Kvande, et al. 2016). Climate change has been proven to
increase the amount and intensity of precipitation. On average, an increase of more than 20 %
has been registered over the last 100 years, and an increase of an additional 20% is expected
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before the year 2100 (Pachauri and Meyer 2014). Changes in temperature leads to an increase
in conditions where wood materials are susceptible to degradation (Lise and Kvande 2007).
These changes lead to higher demands on the entire building and the building envelope parts,
where mould and other biological growth is critical. A state-of-the-art in modelling of mould
failure is thoroughly investigated by Gradeci et al. (Gradeci, Labonnote et al. 2016 ).

Ventilated pitched wooden roofs with eaves (roof overhangs) is a common building practice in
the Scandinavian countries. The traditional construction technique for ventilated wooden roofs
uses relatively large roof overhangs. These overhangs have two main functions related to
moisture robustness; Firstly, to reduce the amount of wind-driven rain (WDR) hitting the facade
and secondly to reduce the amount of wind-driven precipitation entering the ventilated air
cavity between the roof underlayer and the roof cladding. WDR is one of the largest moisture
sources with potential negative effects on the hygrothermal performance and durability of
building envelopes. A detailed (and comprehensive) review of WDR research is given in
(Blocken and Carmeliet 2004, Blocken, Abuku et al. 2011, Kubilay, Derome et al. 2014). Large
deposition chambers where the air-flow velocity is reduced, have traditionally been
recommended for ventilated wooden roofs (Thiis, Barfoed et al. 2007). However, new trends
in architecture calls for solutions with minimal roof overhangs and slender design of the eaves.
It is a common perception that such solutions are more vulnerable to moisture damages.
Quantifying the amount of precipitation is important to provide a basis for future design-
recommendations of moisture robust eave solutions. The design of roofs and eaves (roof
overhangs) and how they influence the quantity of WDR impinging on building facades are
studied in several publications (Hersels 1996, Ge and Krpan 2009, Chiu, Ge et al. 2015).
However, there is a need to obtain further and more fundamental knowledge on the performance
and durability of commonly used solutions, especially through experimental studies (Fasana
and Nelva 2011, Boardman and Glass 2013). Some experimental studies have been carried out
(Inculet and Surry 1995, Inculet 2001, Blocken and Carmeliet 2005, Kvande and Lisg 2009).
To the authors' knowledge, few studies have quantified the amount of precipitation
accumulation in the apertures and eaves of sloped ventilated wooden roofs caused by WDR.

The aim of the study is to experimentally investigate the moisture robustness of eaves solutions
and how the design of eaves influence the amount of rain which is driven inside the ventilated
air cavity of the roof aperture. Influencing factors that will be studied are; the length of the roof
overhang and the ventilation aperture opening size and position.

METHODS

Test series are described in Table 1 and 2 and Figure 1. The measurements were carried out in
a Rain and Wind apparatus in accordance with principles in NS-EN 12865:2001 (ISO 2001)
method B. Smaller quantities of rain than advised in the standard were used due to limitations
in the equipment. The facility is described in (Kvande and Lisg 2009). The sample exposed to
WDR had an area of 2.45 m x 2.45 m. The width of the roof surface was 1.8 m. Transparent
acrylic boards were used as wind-barrier in the wall and as underlying roof and roof cladding
to make visual inspection easier. The front of the roof cladding was covered with a 200 x 19 mm
weatherboard, with a steel gutter in front to promote realistic air-flow vectors. An expansion
chamber was used to adjust wind-speeds in the roof aperture. Ten eaves-solutions with three
different overhang lengths and various closure-solutions of the eaves were tested. Table 1 and
2 shows illustrations and description of the different sample configurations. Test series B4 is
identical to B3 apart from a wire mesh covering the ventilation opening in the eave. A mesh
like this is used to prevent insects and birds from entering the eave in real buildings. It was
chosen to add this for the series with the largest amount of water collected in the aperture (B3).
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Figure 1. (left) Cross-section of the test sample. (top right) Different eaves overhang lengths
(denoted d and circled in red). (bottom right) Water collection system used in the experiment.

Table 1. Test configurations. Test ID's A has 36 mm roof overhang, B has 100 mm and C has
200 mm. d = overhang length, Opening = opening size. I1 is the same as A1, but with driving
rain application only. 12 is identical to I1, but w/ 300 Pa pressure difference. The Test ID
numbers (1-5) aligns with weatherboard configurations presented in Table 2.

Test ID I1 2 Al A2 Bl B2 B3 B4 ClI C2 C3 C4 C5

d (mm) 36 36 36 36 100 100 100 100 200 200 200 200 200
Opening(mm) 36 36 36 36 100 18 36 36 200 18 36" 18" 36"
dP (Pa) o- 0- 0- 0- 0- O0- O0- 0- 0- 0- 0- 0- O-
200 300 200 400 400 400 400 400 400 400 400 400 400

Duration(min) 20 20 40 40 40 40 40 40 40 40 40 40 40

* Opening in deposition chamber facing the weatherboard ** Opening in chamber facing cladding

Table 2. Test series Al to C5 overview. Weatherboard placement and configurations marked
in red. Series nr (1-5) relates to the number in the Test ID series presented in Table 1.
Test series 1 2 3 4 5
Configurations
A-C — — — —
Water was applied as driving-rain only, in 1 and I2. For the remaining series, both driving rain
(large droplets) and a water mist (very small droplets) spray was used. This was done to cover
a larger span of droplet-sizes and, thus, to represent a wider span of likely, realistic downpour
conditions. No measurement of the actual droplet-size distributions was feasible to carry out.
The total volume flow of water for the driving rain nozzles was measured to 660 1/h and 550
1/h after turning on the water-mist nozzles. The nozzles were positioned to create the maximum
moisture load possible. Calculations were carried out to ensure the use of realistic air velocities
in the aperture. A worst-case scenario of a storm (level 10 on the Beaufort scale) was chosen
for the experiments. This corresponds to the pressure of 400 Pa used in the experiments. This
gives a resulting air velocity of 26 m/s. The dynamic pressure in the aperture was measured
using a pitot-tube. The pressure readings were highly irregular, indicating turbulent flow.

RESULTS

Calibration tests were carried out to achieve the desired water-load on the sample. Several
pressure differences across the sample was tested, ranging from 200 to 400 Pa. It was found
that the mean droplet-size of the applied water was too large for the droplets to be transported
into the aperture. This was independent of the pressure difference. Hence, water application
using water-mist nozzles were used in A1-C5. Figure 2 show the amounts of water collected
during the test cycles. A qualitative description of the visual observations is given in Table 3
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Water collected from roof underlayer TestID | Water collected (g)

800 Al -
oo A2 385
600 Bl 36
500 B2 156
T3 400 B3 728

300 B4 0
200 Cl 50

100 ] 2 0
0 - - - - 3 32

AL A2 Bl B2 B3 B4 CI C2 C C4 C5 Ca 3

Series |ID C5 5

Figure 2. Test configurations and measured retained amounts of water from roof underlay after
40 min of water application for series A1-C5

Table 3. Visual observations during the test series Al to C5. Location of water deposition are
based on visual inspections and should be treated as qualitative observations.

ID | Observations

Al No water accumulated on the roof underlayer (RU). No water deposited on the wind barrier
(WB) of the wall (e.g. on the vertical board).

A2 Rapid wetting of RU. Small droplets deposited on RU up to the first furring strip (30-40 cm).
Water deposited on RU in large droplets 15-20 cm from eave. Water running down WB

B1 Rapid accumulation of water on RU (more than for A2). A lot of water running down the WB.
Fewer small droplets deposited on RU, deposition length same as for A2.

B2 More and bigger droplets are transported in the airstream than for A2 and B1. Deposition on
cladding, but less than for A2 and B1.

B3 Similar behaviour as B2, but with more rapid wetting of RU. Water retained in vials after 5
minutes. Water driven further along the back-side of the roof cladding than previous series.

B4 Some droplets are deposited on the roof cladding and RU but no water is collected in the vials.
Water droplets are deposited in/on the wire mesh.
Some deposition on roof cladding but little on RU. Some small droplets in mid-and very little

Cl |: . .
in left section. Some water running down WB.

2 Some large droplets are deposited on the RU (8-10 cm from wall/roof joint). Some small
droplets are deposited up to the first furring strip.

C3 | Similar behaviour as B3, but fewer droplets on RU. Some water hitting WB

Ca Very little water (small droplets) deposited on RU. Some deposition of large droplets on RU
up to approximately 5-10 cm from the wall/roof connection.

C5 | Similar observations as for C4.

DISCUSSIONS

The amounts of collected water in the different test series are given by both the water droplet
size as well as the air velocity inside the air cavity. The pressure difference of 400 Pa was
necessary to transport water from the water-mist nozzles in through the eaves opening. Based
on the strains from the applied pressure and the corresponding pressure loss through the system,
the driving forces from wind can be categorized as "worst case". It is not expected that
temperatures (above freezing) will affect the deposition of water on roof underlayer or wind-
barrier of walls.

Water amounts collected in A2 and B3 was considerably higher than for the remaining. Close

to 400 ml of water was collected in A2, which had a 36 mm long overhang and no weather-
board covering the underside of the eave. The largest amount of water collected was 728 ml.
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Visual observations made during the test, suggest that a possible reason was that the position
and size of the opening gave a particularly disfavourable air-flow direction (vector) for this
configuration. Large amounts of water were transported in the airflow and was deposited on the
side of the roof cladding facing the ventilation aperture. The deposited water was then
"dragged" along the surface until the water droplets became large enough for gravitational
forces to force them of the cladding with a resulting deposition on the roof underlayer (RU).
Furthermore, it was found that the solutions with a 100 mm roof overhang had the highest
amounts of water deposition on the RU regardless of the opening size under the eave. The
Norwegian building design guidelines suggests using a ventilation gap in the roof aperture with
a height of 40-50 mm (SINTEF 2005).

C3 and C5 indicate that the placement of the ventilation opening in the eave toward the weather
board reduce the amount of collected water. For the 18 mm cavity (C2 and C4) the comparable
position gave little increase of the collected amount of water. The measured amount of water
during C4 was rather low. Thiis, Barfoed et al. (2007) also found that position of the ventilation
opening towards the weather board was effective to reduce snow penetration to the roof
compared to a position close to the cladding. Thiis, Barfoed et al. (2007) also indicated that the
snow concentration of the air entering the air channel decreased by increasing air pressure drop
over the eaves construction Hence, the measurements must be seen in connection to snow-
indraft which might be a bigger practical issue to solve.

Tests B1 by B2 and C2 by C3 indicate that an increased pressure drop decreases the water
ingress. This is clearly demonstrated by the introduction of the wire mesh which is representing
a large pressure drop. Comparing Test B4 and B3 shows that installation of the wire mesh
decreases the measured water collection and the dynamic pressures inside the air cavity.

CONCLUSIONS

Measurements of how the design of eaves influence the amount of rain that is driven in to the
ventilation aperture roofs have been carried out. The amount of water collected are given by
the water droplet size and the wind velocity inside the air cavity. In practice the amount of
WDR hitting the facade is dependent of wind speed, wind direction, rainfall intensity, raindrop
size and the rain event duration. The results from this study simulates an example of an event
with heavy rain intensity and strong winds (storm) with a given droplet size distribution. Hence,
the actual amount of water collected in each of the test series are of less interest than the
comparison of the amounts of water in the different series.

It can be assumed that a mesh like the one used in B4 will be effective in stopping rain with a
large variation of droplet sizes and droplet size-distributions from entering the roof aperture.

There are limitations in the measurements that have been carried out. There was no feasible
way of controlling the droplet size distribution other than that the use of water-mist nozzles
created smaller droplets than the driving rain nozzles. Substantial amounts of water were
deposited on the RU without being collected. Future measurements should take this into
account. The air velocity inside the ventilation cavity was high. This was, however, necessary
to induce rain penetration in the ventilation cavity. The effect of varying wind direction was not
accounted for and should be included in future studies. Only rain accumulation in the ventilation
aperture was studied in this paper. Future measurements should also be coupled to experiments
studying challenges related to snow, which might be a bigger issue. Future studies should also
include the combined effects and implications of eaves-design on WDR effects on cladding.
Measurements studying real-climate performance should also be carried out.
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ABSTRACT

Natural ventilation provides opportunities to reduce residential cooling load in summer, but
increasing the operability of a fagade potentially increases infiltration, which is already a
source of significant winter heat load. Solving both of these simultaneously is challenging.
The test building for this study was a prototype house containing a novel ventilator detail
which allows for porosity for summer ventilation and a tight, insulated seal in winter. We
aimed to determine whether the prototype had low enough infiltration and thermal bridging to
be worthy of further laboratory testing and subsequent deployment in more buildings. The
test home was blower door tested, following the Resnet standard to determine ACH50. While
the house was depressurized, diagnostic photographs were taken with a smoke wand at each
ventilator to qualitatively document air exchange. The ventilator plan and section details
were modeled in THERM v7.6 to look for potential thermal bridging. These tests were
conducted in February 2018 on the GRoW Home, a prototype house built for the 2015 Solar
Decathlon at the University at Buffalo. The home contains thirteen instances of the
ventilation detail in question. ACHS50 was found to be 1.16, photographs showed observable
infiltration at only five of the thirteen apertures, and only when the operable interior door was
open. The thermal flux magnitude analysis did not evidence major thermal bridging. Thus
this ventilation approach shows promise for naturally ventilated small buildings in cold
climates. Further laboratory study is warranted to characterize and further improve the
construction.

KEYWORDS
Natural ventilation, passive, thermal performance, residential, cold climate

INTRODUCTION

Natural ventilation provides opportunities to reduce residential cooling load in summer.
Residential air conditioning loads represent 6% percent of total US residential energy
consumption, and are responsible for 1.5% percent of residential energy consumption in
cold/very cold US climates (EIA 2009). Natural ventilation is a viable option in residential
projects to reduce reliance on energy-intensive cooling strategies. Ventilation typically
requires increasing the operability of the fagade to allow air into occupied spaces, but doing
so introduces more opportunity for infiltration in winter as well, thereby increasing heating
loads in winter. Typically 6 to 22% (mean 15%) of infiltration occurs at windows and doors
in residential buildings (ASHRAE 2001). Winter space conditioning is responsible for 42%
percent of total US residential energy consumption, and 54% percent of energy consumption
in cold climates (EIA 2009). Infiltration rates can vary by a factor of ten in north America,
so the impact on energy consumption is highly variable based on construction typology
(ASHRAE 2001). Single family detached homes in the US have ACH50 values from 3 to 40,
with a median of about 12 ACHS50 (Chan, Joh, and Sherman 2013). Buildings in cold climates
with energy recovery ventilation particularly need to control infiltration so as to make best use
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of the mechanical heat exchange (ASHRAE 2001). However, infiltration is responsible for a
third to a half of the space conditioning load of a home (Sherman 2009). Increasing the
number of operable apertures would likely further increase winter infiltration. Wall apertures
present opportunities for thermal bridging in addition to infiltration because frames are
typically more conductive materials spanning the insulation layer. The detail studied in this
project is similar to a window or door frame in this regard.

The ventilation apertures in the test home were designed to increase summer ventilation while
minimizing winter infiltration and thermal bridging. However, the thermal and air movement
performance of these in either field or laboratory conditions is currently unknown. This study
seeks to assess whether winter performance in the field suggests viability of this envelope
detail approach, and hence whether further lab testing is warranted.

Specific requirements or standards for whole-building ventilation provide an indication of
whether a building has infiltration levels within a desired range for energy efficient
operations. Significant relevant examples are shown in Table 1.

Requirement Notes ACH 50

Energy Star (EPA and DOE 2015) Under the prescriptive <4
path in climate zone 5.

International Energy Conservation Code (IECC) and NY NYSECCC is based on

State Energy Conservation Construction Code IECC <3

(NYSECCC) (International Code Council 2015)

LEED v4 for Homes: 1 point (US Green Building Council

2013) <2.75
LEED v4 for Homes: 2 points <2.0
Passive House Standard (International Passive House 0.6
Association) :

Thermal bridging may be studied using finite element analysis software that maps how heat
will flow through all elements of an assembly under ideal specified conditions. Analyzing the
magnitude of thermal flux should identify aspects of the test apertures that allow significant
heat transfer from inside to outside during winter.

We predicted that infiltration levels would be lower than the published guidelines without
major thermal bridging occurring, and we tested this hypothesis with a blower door test and
analysis in THERM.

METHODS

Ventilator / House prototype

The ventilation apertures studied were a set of thirteen 0.121 m? operable through-wall
openings, shown in Figures 1, 2. These openings cut through a 260mm SIP wall finished with
16mm gypsum board on the interior and 19mm larch rainscreen on the exterior. On the
interior face, the units had an operable plywood door so the user could regulate ventilation in
the summer, as shown in Figure 3. These had wing up hold open fittings to maintain
ventilation when open, and magnetic touch latches to keep them closed. The exterior
rainscreen was perforated with 50% openings where the ventilators occurred, as shown in
Figure 4. Behind the perforated openings was an insect screen. Each ventilator had a wood-
wrapped insulation plug that is inserted in winter. These plugs had an EPDM gasket and were
fixed in place with a casement fastener.
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Figure 1: Ventilator construction, plan (left).
Figure 2: Ventilator construction, section (right).

The ventilators were located in a 71.5 m? prototype high-performance house located in
Buffalo. Windows in the house, with the exception of an egress window in the bedroom,
were fixed, triple-paned, and argon-filled. The ventilators are typically located above the
windows from 2197mm to 2374mm. The house is equipped with a Greenheck Minicore-5-
VG energy recovery ventilator equipped with a CO2 sensor to cycle air when the house is
occupied.

Figure 3: Ventilator as seen from inside test house (left).
Figure 4: Ventilator as seen from outside test house (right).

Blower Door Test + Smoke Analysis

The ACHS50 was measured by following chapter 8 of the RESNET standards, which specifies
procedures for conducting a one-point building enclosure airtightness test' (RESNET 2013).
We used a Minneapolis Blower door with a single fan. Tests were performed in February and
March of 2018, when temperature conditions were between -1 and 4°C and conditions were
not windy. While the house was depressurized to -50 Pascals relative to outside conditions,
we performed a qualitative assessment of air infiltration at the ventilators. Using a smoke
wand, we examined each of the thirteen ventilators with doors open and doors closed to look
for evidence of infiltration, and documented each condition photographically. Ventilation
plugs remained inserted for this test.

Therm analysis

The plan and the section detail for the ventilators were examined in THERM 7.6 using a
temperature difference of 20.7 °C from inside to outside (with external temperature equal to

! Chapter 8 standards were replaced with ANSI/RESNET/ICC 380-2016 and addendum A-2017 as of January 1,
2018.
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0.4 °C). Table 2 shows the material properties assigned to each of the component materials of
the assembly. Emissivity was set to 0.90 for each material.

Thickness (mm) Therm(z",lvfgf%l;cnmy
Wall assembly External larch cladding 19 0.11
Oriented strand board 13 0.13
Expanded polystyrene (EPS) 235 0.03
Oriented strand board 13 0.13
Gypsum wall board 16 0.25
Insulation plug Plywood 6 0.12
Extruded polystyrene (XPS) 190 0.034
Plywood 6 0.12
EPDM Gasket (D-shaped) 16 0.2

Table 2: Material properties for THERM model

RESULTS

We have earlier postulated that the inclusion of the ventilators do not prevent the test home
from meeting published air infiltration guidelines and at the same time introduce more natural
ventilation possibilities. Our blower door test result (ACHS50) of 1.16, indicate that the air
infiltration levels of the whole house are well within the guidelines for Energy Star
certification, IECC, NYECCC, LEED v4 for Homes, but do not meet the more stringent
requirements for the Passive House standard, as shown in Table 1.

The smoke wand photographs taken while the house was depressurized help to identify
qualitatively where infiltration is occurring in the house. Figures 6 is typical of the ventilators
in the closed position, showing that there is no discernable air leakage. Figure 7 indicates
some air leakage with the ventilator door is open. This occurred in five of the thirteen
ventilators when the doors were open.

Figure 6: Photograph of smoke test with ventilator in closed position. No air leakage is
evident in this condition at any ventilator (left).

Figure 7: Photograph of smoke test with ventilator in open position. Five of thirteen
ventilators showed some discernable air leakage in this position, as shown here (right).

Smoke tests at other envelope locations in the home while it was depressurized show evidence
of air infiltration at the base of the folding glass doors, the stove hood, the bathroom fan, and
several of the HVAC diffusers suggesting that these are contributing measurably to the whole
house air leakage.
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Further, we have suggested that these apertures do not introduce substantial new thermal
bridges into the building envelope. Our THERM analysis, shown in Figures 11 and 12,
suggest that thermal bridging at this detail is not a primary concern but that a less conductive
frame material may yield thermal improvements.

Figure 11: Results of THERM heat flux analysis, plan view (left).
Figure 12: Results of THERM heat flux analysis, section view (right).

We conclude from the results of the blower door testing and the THERM analysis that this
ventilation approach is a viable one in cold climates, and may be applicable to other buildings
beyond the test home. Thus further laboratory testing is warranted.

DISCUSSION

This study performed initial analysis and in-situ research into a novel natural ventilation
aperture which indicates that it is a promising detail for cold climate residential construction.
That is, whole house infiltration, including that from the thirteen ventilators, is within several
energy efficiency guidelines for infiltration. Further, 2D heat flow analysis suggests that
thermal bridging is not problematic. Further laboratory study is warranted to quantitatively
characterize heat flow and infiltration. Laboratory studies should focus on heat flux
measurements through the assembly, including a hot box test.

While the house meets most of the infiltration guidelines examined, it notably does not meet
the PassiveHouse standard. Given that much attention was paid to air infiltration during
design and construction, this is a surprise. For example, walls, ceilings, and floors are of SIP
construction, where panels are tightly connected with a spline and adhesive. All windows are
fixed, with spray foam insulation around the frame; all wall and roof penetrations are caulked.
However, the photographic evidence points to air leakage under the folding glass panel doors,
as well as at several mechanical system connections. It is recommended that these leaky areas
be addressed in order to reduce air infiltration to meet the Passive House standard.

CONCLUSIONS

Design for high-performance residential buildings often includes novel applications of
sophisticated active technologies, but may also benefit from novel applications of passive
technologies. This paper reports on an investigation into the wintertime performance of novel
natural ventilation apertures in a prototype high-performance single-family home in Buffalo,
NY. This study assess whether the design approach of decoupling natural ventilation
apertures from daylight/view windows can improve wintertime thermal performance of the
home. In the test home, natural ventilation occurs through a set of thirteen 0.121 m? wood
framed, screened openings located in the upper part of the SIP-constructed walls, typically
above fixed view windows. Ventilation in summer is controlled with a manual wooden door.
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In winter, a gasketed plug of insulation weatherizes the opening and minimizes conductive
heat transfer and infiltration.

This design approach is new for cold climates. The operable, dedicated ventilation panels
found in temperate locales is modified here to include seasonal insulation. The investigation
methods included analysis of whole-building infiltration using blower door testing, diagnostic
photography, and modeling in THERM. Results indicate that this approach is viable in cold
climates, and should be further studied for implementation to maximum effect in future
projects.
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ABSTRACT

Radiant Floor Heating System (RFHS) has been commonly used in railway stations in cold
regions of China for its advantages in thermal comfort and energy efficiency. However, the
uneven distribution and extremely cold area of the heating floor, caused by cold air infiltration
through door openings, are commonly found in our filed measurements. This impact is not
considered in the standardized design methods, resulting in an underestimation of the design
heat flux. In this paper, CFD simulations are used to quantify the impacts of natural infiltration
on surface heat transfer process. Model validation was made against field measurements. 13
simulations were performed for different speeds. As a result, the mean radiant heat flux at floor
surface decreased by 36.8% as the infiltration air speed increased from 0.05 m/s to 1.2 m/s, and
the noneffective area increased more than 16 times. This result highlights a significant influence
of natural infiltration. Regression models were finally developed as a simple method for rough
estimation of this impact on radiation, which can make up the limitations of current methods
and inform designers to improve their initial design of RFHS when natural infiltration is present.

KEYWORDS
Radiant floor heating system (RFHS), Large space buildings, Natural infiltration, Radiation
heat transfer, CFD simulations.

INTRODUCTION

The proportion of radiant heat exchange in surface total heat flux counts much for the design
and operation of Radiant floor heating system (hereinafter RFHS). For this system, the air
temperature is allowed to be 1-2 K lower than the conventional all-air systems, due to its heat
exchange mainly by radiation (Rhee K N et al, 2017). With the benefit of high energy efficiency,
good thermal comfort and space saving potential, RFHS has been widely applied in most
railway stations in cold regions of China and is considered as especially effective for heating
this space. However, the uneven distributions and a wide low temperature region at the floor
surface were commonly found in field measurements of six railway stations. This gap between
the design and the reality indicates that the current design methods of RFHS are not applicable
for buildings with high door opening frequency and increased ventilation heat loss. Therefore,
the goals of this paper are to: 1) verify the impacts of natural infiltration on RFHS, 2) develop
a simple method for rough estimation of radiation heat transfer, and 3) give reasonable advice
for improving the initial design of RFHS when natural infiltration is present.

METHODS

Field measurement

There are mainly 3 types of waiting hall (Fig.1), categorized by the relative position of entrance
and exits. A corner type was chosen for field measurements. The test was performed from 8am
to 8pm on January 8", which was an overcast day. The measuring details are listed in Table 2.
Table 1. Three types of waiting hall
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Types Straight type Corner type Underground type

Examples

Table 2. Measuring summarization

Item Instrument name RangeAccuracy Measuring points Interval ~ Method
Ground
temp and
. —32~ o The average value
internal 1650°C $2%C zh of 5 measurements
surface
temp Sentry ST677
infrared thermometer
) Air Temp and
eparture lounge
Humidity Measure
. —20~ o . Method of Public
Air temp 70°C +0.21°C Smin Place
GB/T18204.13-
HOBO UX100-003 2000
Wind Speed
. Measure Method
Airflow 0~/5 0 £0015 15minh of Public Place
mis. s GB/T18204.15-
Tesco 425 Hot wire 2000
anemometer

Figure 1. Measured results of waiting hall. a) Ground temp distribution, b) Air temp

The measurement interval of ground temperature was two hours. During the test period, six
runs were tested, and the mean value of each point was used for interpolation. The matrix data
of ground temperature was transferred into a color-filled contour image by Origin (Fig.1a). An
uneven temperature distribution and a wide low-temperature region between the entrance and
the main exit are observed from this image, leading to a decline of surface radiation in the
combined heat transfer process. Besides, the air temperatures of point 6 and 7 are found always
below average (Fig.1b), demonstrating a poor performance of convection heat transfer due to
the increased ventilation heat loss.

CFD simulation

The ANSYS’s workbench platform was employed for CFD simulation. The size of the waiting
hall is about 84 m (Iength)x33.6 m (width)x20.4 m (height). The geometry (Fig.2a) of the flow
domain was modelled using ANSYS’s DESIGN MODELER. The developed physical model
was then meshed using 3D hybrid meshing comprised of 4, 582,417 unstructured elements and
1,611,915 nodes. The maximum mesh size was 0.2 m. Meshes near wall surface are subdivided
as y+< 1 using 10 layers inflation (Fig.2b). Separate grid independency was not tested due to
the fine sizes. solar radiation, internal heat gains and heat loss of enclosures were not included,
since they are often counterbalanced with one another. The associated air system was shut off
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during the test periods. The flow was assumed to be 3D, steady-state, incompressible and
turbulent. Buoyancy was modelled with Boussinesq approximation. Near-wall treatment was
considered. The heat flux generated from the heating panel was assumed as a constant value of
80 W/m?. Based on the assumptions above, the airflow and temperature distribution were solved
by the conservation laws of mass, momentum and energy. The detailed boundary conditions are
given in Table 3. The airflow rates and temperatures were set equal to their actual values.
Besides, RNG k — € and Discrete Ordinate (DO) model were chosen to simulate the turbulence
and radiation phenomena inside the room, respectively. The coupled-analysis model was solved
as steady state using SIMPLE algorithm. Enough good convergence was obtained finally.

Waiting hall
Vestibule
Departure
lounge
Figure 2. a) CFD drawing of the computing domain. b) Near-wall mesh refinement
Table 3. Boundary conditions
Wall Window Internal wall Floor Heating panel
Wall temperature Wall temperature . .
boundary condition boundary condition Adiabatic  coupled boundary Heat flux boundary

_ . I 3
(17°C) (10.5°C) (heat flux = 0) condition  condition (80W/m?)

Validation of the model

Figure 3. Correlations of actual measurements and simulated temperatures. a) Ground
temperature of 21 measuring points (y=0), b) Air temperature of 8 measuring points (y=1m).

The measured floor surface temperatures at 21 points and air temperatures at eight points at
19:00 in the measured day were used for model validation. The occupancy rate was lowest.
Fig.3 shows the correlation of actual measurement and simulation results. Dotted lines in the
graphs represent the error range of +1°C, and RMSE denotes the root mean square error. Ground
temperature shows general agreement with measurement (Fig 3a), considering the uncertainty
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of 2°C with measurement accuracy of the infrared thermometer. In general, the overestimation
of ground temperature may result from the assumption of constant heat flux and the limitations
of steady state simulation, which neglect the temperature drop within the pipe and the delay
effect of this system. This overestimation seems to be more prominent in the peripheral area,
especially for points near entrance and exists (1, 6, 10, 13, 21 in Table 2). In contrast, the air
temperature is much underestimated by CFD simulation (Fig 3b), especially for points in
occupied area (3, 4, 5, 6 in Table 2). This discrepancy is due to the ignorance of internal load.
Since the central area usually has more passengers than peripheral area, the bias error of point
1,2,7,8 was larger. Generally, these values verify the satisfactory performance of the CFD
model, and the simplification allows a substantial decrease of the computational cost without
affecting the performance of radiant heat exchange, which is the main interest to this study.

Assessment parameters

The RFHS is defined as a system that radiant heat transfer covers more than 50% of heat
exchange within a conditioned space. As the case mentioned in Chapter 6 of ASHRAE
Handbook, HVAC Systems and Equipment (1992), the surface heat flux can be calculated
separately for convection and radiation. Poor performance for providing stable thermal
environment of convective heat transfer has been found in field measurements, which is caused
by the increased ventilation heat loss at doors. Therefore, radiation is preferred. In this study,
the overall level of radiant heat flux is viewed as an indicator of the system’s thermal
performance. To numerically demonstrate this, an index named mean radiant heat flux ratio
(hereinafter MRR) is defined, which is a direct comparison of mean radiant heat flux and the
total heat flux (80 W/m?) at the floor surface. Here, the mean radiant heat flux is calculated by
the sum of radiant heat flux at the heating surface divided by the total heating area. Suffering
from the decrease of ground temperature, the MRR may drop to 50%, which is a minimum
value given in ASHRAE, or even lower. In such area the performance of the system is identified
as noneffective. The ratio of the noneffective area to the total heating floor area is defined as
the noneffective heating area ratio (hereinafter NAR). The two indices above were employed
to quantify the impact of natural infiltration.

RESULTS

Table 4. CFD simulation results summarization

Case 1 2 3 4 5 6 7 8 9 10 11 12 13
Infiltration air speed (m/s) 005 01 02 03 04 05 06 07 08 09 1 1.1 12

Average radiant heat flux (W /m?) 53.0 514 482 443 4133 39.0 372 36.0 349 34.1 333 33.6 335
Average convective heat flux (W /m?) 27 28.6 31.8 35.7 38.67 41 428 44 451 459 467 464 465
Mean radiant heat flux ratio (MRR)  70.0%67.4%61.7%56.8%52.9%49.9%47.7%46.0%44.6%43.5%42.5%42.9%42.8%
Noneffective heating floor area (m?) 121 150 296 494 742 95679 1185 1445 1645 1775 1902 1973 2072
Noneffective area ratio (NAR) 4.3% 5.3% 10.5%17.5%26.3% 33.9 42.0%51.2%58.3%62.9%67.4%69.9%73.4%

According to the measured data, the wind speed at entrance and exits was initially set as 0.05m/s
and then to increase from 0.1 to 1.2m/s at an increment of 0.1m/s. 13 scenarios in total were
simulated. The main simulation results were tabulated in Table 4. Table 5 gives an intuitionistic
exhibition of the noneffective heating area distributions under different wind speeds. In each
figure, the noneffective area was categorized into four levels according to its radiant heat flux
and filled with corresponding colors as the legend shows. The same coordinate system and room
plan were only attached to case 4 as a reference. Part of cases are not shown due to limited
space, but the gradually enlarging distribution pattern of the noneffective area is still obvious.

Table 5. Noneffective heating area distribution

Case 2 4

V=0.1m/s NAR=5.34% V=0.3m/s NAR=17.54%
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Case 6 8 10
V=0.5m/s NAR =33.89% V=0.7m/s NAR=51.15% V=0.9m/s NAR=5827%
DISCUSSIONS
a) b)

Figure 4. a) Correlation between air speed and MRR b) Correlation between air speed and NAR.

Scatterplots were used to evaluate the correlation of air velocity with MRR and NAR, and the
acquired regression models were described in Fig.4. R? values over 0.9 show significant
correlations between the input and output, indicating a deep impact of wind speed on radiation
heat transfer. For MRR (Fig 4a), the decreasing rate is apparently higher when the air speed is
increasing from 0.05 to 0.7 m/s, implying even a slight increase of wind speed could cause a
significate drop. After that, the descending rate levels off, and the lowest ratio is about 43%.
For NAR (Fig 4b), it is positively related to the infiltration air speed, which is considerably low
at first but grows rapidly as the wind speed increases. Taking the distribution into account, the
noneffective area only appears near the entrance and exits, and the MRR of occupied area is
acceptable when air velocity is low, as shown in Table 5. However, the noneffective area
becomes larger and gradually spreads to the occupied area with the increase of wind speed. The
occupied area thus would be at great risk of discomfort. In this way, the impact of natural
infiltration could be quantified at the initial design stage once the prevailing wind speeds at the
entrance and exits are given. A microscopic correlation analysis was performed between near-
surface-wind-speed (y=1mm) and the corresponding surface radiant heat flux (y=0) to further
validate the findings above by using a large sample size and taking the position factor into
account. To this end, 80857 sample points were investigated and 10% of them were selected
with systematic sampling method for correlation analysis. These nodes were evenly distributed
at the floor surface. The result is shown in Fig 5a, taking case 6 (V=0.5 m/s) as an example. The
vertical axis represents the radiant heat flux, and the horizontal axis represents the node number
which is defined sequentially according to its near-surface-wind-speed. An obvious piecewise
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linear change was found at the two sides of the dividing line, which corresponds to a near-
surface-wind-speed of 0.3 m/s. The left part of the dividing line shows a general decreasing
trend. The discrete distribution shows a common influence of the speed and position factor. The
near-surface-speed limit of 0.3 m/s and a decreasing amplitude of 33% are obtained as a design
reference. While for the right part, which is replotted in Fig 5b, the highly linear correlation
(R?=0.85) highlights the dominate influence of speed factor. The decreasing rate is apparently
higher than the left, and the surface radiation is extremely low. However, this part only accounts
for a small portion of the entire sample size. In all cases, the near-surface-wind-speed shows
0~1.4 m/s at the occupied area regardless of the wind speed at the entrance and exits, and the
results of piecewise correlations are found to be quite similar. Therefore, case 6 is representative
for all other cases.

a) b)
Fig.5 a) Surface radiant heat flux (y=0mm) according to the near-surface-wind-speed (y=1mm).
b) the regression curve for V>0.3m/s

CONCLUSIONS

The results of field measurements provide evidences that the existing RFHS design methods
are theoretically insufficient when this system operates with significant natural infiltration.
Regression models for wind speed at doors and near-surface-wind-speed were developed in this
paper. For a better performance of RFHS, the near-surface-wind-speed should be controlled
under 0.3 m/s. Within this limit, comprehensive estimations are recommended for surface
radiation, noneffective heating area and its distributions to guide reasonable design decisions.
These assessments are easily to perform with the acquired regression models. When necessary,
designers should take extra measures to increase the design heat flux at affected floor area, such
as adding extra heat source, reducing pipe spacing or imposing the regional control methods.
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ABSTRACT

Improving the energy efficiency of typical 19th century townhouses in middle Europe the
focus on the wooden beam bearing’s hygrothermal performance has become more and more
important during the last years. There are several issues for the risk of rotting of the wooden
parts of the ceiling, because the retrofitting process of the masonry totally changes the
hygrothermal conditions inside the wall. Applying an interior insulation or changing the air-
tightness of the building envelope as well as the introduced moisture from the retrofitting
process lead to a moisture increase inside the masonry and might cause rotting of the ceilings’
wooden beam ends.

This paper introduces two demonstration objects which were retrofitted during the last years.
Temperature and humidity sensors have been integrated at the wooden beams’ ends to show
the hygrothermal conditions during and after the retrofitting process. In the first building
measurements started at the beginning of the renovation in September 2013 and are still being
carried out. To compare different situations the monitored beam bearings are situated in two
different retrofitted wall constructions, an inside insulated and a not insulated wall.
Additionally, different indoor climates in the flats above and below the measured ceiling are
monitored. In the second building 16 wooden beam heads situated in two different storeys
with differing masonry thicknesses were measured. In this demonstration object the influence
of building construction moisture from the renovation process as well as the drying out
process were evaluated.

In conclusion, the wooden beam heads’ durability will be assessed based on the measurement
results and possible risk of damage influenced by the retrofitting process.

KEYWORDS
Wooden beam ceiling, interior insulation, in-situ measurements, hygrothermal performance

INTRODUCTION

During the course of the project ,,Improving Durability of Wooden Beam Bearings in Inside
Insulated Walls by Tempering the Beam’s Heads* in-situ-trials on existing constructions with
wooden beam ceilings were carried out in two late 19th century townhouses in Vienna. For a
targeted analysis of the hygrothermal performance of wooden beam heads, sensors to measure
temperature and relative humidity were installed in the floor-bearing-areas during a typical
retrofitting process. Thus, the conditions in temperature and moisture could be examined
during the state of construction and over the ensuing years of use.

Currently, no interior insulation is installed when a late 19th century townhouse is renovated
conventionally, as there is no requirement for the thermal transmittance (U-value) with
renovations according to the Austrian building code. However, due to noise abatement, a
suspended ceiling is always mounted, which — because of the placement of mineral wool
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results in cooling of the floor bearing area during wintertime. Future, energy-efficient
renovations will stipulate the installation of an interior insulation, necessitating a detailed
planning of accompanying measures on the ceiling-to-wall bearing. On the one hand, the
measurement results document a long-term study on the functional efficiency of current
methods of renovation. On the other hand, they form the basis for further research and the set-
up of a bench test in a double climate chamber. The aim is to show that with constructions
using interior insulation the floor bearing area cools of severely during winter and, because of
the high relative humidity, the risk of wood rotting increases.

METHODS

Temperature and relative humidity sensors were installed in the construction of two
demonstration buildings in selected apartments during the renovation works. Depending on
the wooden beam’s installation situation, the sensors were mounted in different positions.
Figure 1 exemplarily shows, using the installation situation of building “Eckertgasse 10 that
measurement points were chosen at the top, the bottom as well as in the middle of the beam
head. Additionally, every wooden beam was spot-drilled, to be able to position a sensor in
half of the beam’s height in the air space between the wood and masonry. To measure the
climatic boundary conditions, the indoor climate of the flat resp. the particular room and the
outdoor climate on the facade were recorded.

Section A-A
Closure Closure

w—BI-B6 «—BI-B6

Suspended ceiling
Masonry

Inside insulation

Figure 1. Example of sensor positions at the beams’ end for long time monitoring; fagade
section of “Eckertgasse 10” (above), picture in the ceiling cavity (bottom left), picture of the
sensor on top of the beam (bottom right);
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There are different installation situations of beam head abutments (Wegerer et al., 2017) and
thus also different hygrothermal behavioural patterns which are influenced by constructional
parameters. While numerous publications (e.g. Kehl et al., 2013; Guizzardi et al., 2015;
Strangfeld et al., 2012) often report on the calculation resp. the simulation of beam heads,
there are little findings on the actual behaviour of wooden beam bearings in practice,
especially after a retrofitting process.

The fundamental aims of this research paper consist in examining a sufficiently large enough
sample of wooden beam heads as well as to achieve a multi-year measurement time. Figure 2
shows the fagade of demonstration object “Trubelgasse 8”. In this building, 16 beam heads
were equipped with sensors. The measurements on the two demonstration buildings started at
construction level and, in the beginning, show the building moisture’s drying-up-process. The
continuous, multi-year gathering of data that started in July 2016 gives information about the
hygrothermal behaviour during the utilisation phase.

~ BK09-BK16

z ~BKO01-BK08

Figure 2. Facade (left) and section (right) of demoobject “Trubelgasse 8 with 16
schematically marked monitored beam heads.
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RESULTS

Demonstration building “Eckertgasse 10”

So far, more than 4 years of measurement data are available from this monitoring. Beam
heads B1 to B3 are located in the area of an outside wall with interior insulation analogous to
the construction in fig. 1. Beam heads B4 to B6 are located in the area of the original outside
wall without interior insulation and serve as a reference.

The results clearly show the fluctuations between winter and summer. Furthermore, a steady
drying-up-process since the beginning of the measurements is noticeable with all beam heads
on the basis of the relative humidity at at least one measurement position. An increase in
relative humidity is noticeable with nearly all beam heads during the cold season, which dries
up again during the summer months.

To obtain a direct comparison between a construction with and a construction without interior
insulation, the measurement data of the sensor positions in the middle of the respective beam
head are shown in the diagrams in fig. 3. These positions were made almost identically in all 6
beam heads using drill holes. This comparison shows that in the interior insulation’s area (B1
to B3) critical moisture conditions are reached at the wooden beam heads. Sensor positions on
the beam heads bearing in the original, non-insulated construction yield only marginally to
barely critical measurement values after the building moisture’s drying-up (B5 and B6). Only
B4 shows a higher relative humidity during the winter months.

Figure 3. Temp. graphs (left) and rel. hum. graphs (right) over 4 years after the retrofitting
process. The object “Eckertgasse 10” has an inside insulation below the measured floor.

The indoor climate (figure 4, left) shows a moisture load typical for residential use and can be
classified into moisture class 3 according to EN ISO 13788.

Figure 4. Left: Indoor climate; right: relation between temperature and relative humidity on
the beam ends 1 to 3 (daily average values) and limiting curve according to WTA MB 6-8

The comparison of temperature and relative humidity (figure 4, right) in accordance with

WTA MB 6-8 shows that only a few days during wintertime yield critical values. Most of the
time there is a low risk of wood rotting because of the drying-up during summer.
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Demonstration building “Trubelgasse 8”

In this demonstration building, 16 beam heads are examined after a conventional renovation
of the facade without fitting an interior insulation. Three sensors were mounted on each beam
head, one in the air cavity facing to the outside and two sensors on the abutment at the contact
of wood and masonry. The outside wall has three different thicknesses (see figure 2). As a
result, the hygrothermal conditions on the beam head vary highly depending on the storey.
Beam heads 1 to 8 are situated in a 60cm thick wall and are covered by 45cm with masonry
on the outside. Beam heads 9 to 16 are located in a 45c¢m thick wall and are covered by 30cm
with masonry on the outside. This leads to lower temperature and higher relative humidity at
the thinner outside covering. The influence of suspended ceilings is also discernible with this
construction. Due to the thermal insulation in the ceiling level, increased cooling of the beam
abutments occurs during the winter months. The following evaluation shows results from the
2017/18 winter period. Figures 5a and 5b display data with different wall thicknesses.

a) b)

Figure 5. Measurement results at the three positions of the beam heads. a) Wall with 60cm
thickness, b) wall with 45cm thickness. The object “Trubelgasse 8 has no inside insulation
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on the outer wall below the measured floor. Only a suspended ceiling decreases the
temperature of the beam end.

DISCUSSIONS

The combination of long-term measurement and a greater sample size of examined beam head
details provides new findings on the functional efficiency and durability of current renovation
methods. Most Wilhelminian style houses are over 100 years old and virtually no cases of
damage on wooden beam ceiling abutments are known. However, renovations and thermal
improvements of the building envelope, especially the fitting of more airtight windows, the
mounting of an interior insulation system, or the installation of a suspended ceiling filled with
mineral wool change the indoor climate and the hygrothermal performance of the outside
wall. The measurement results show that certain renovation measures require detailed
planning to minimise the risk of damage of the improved construction. Earlier research has
shown the behaviour of wooden beam heads with a retrofitted interior insulation based on
concrete examples of damage or case-specific hygrothermal simulations. This research
paper’s results are to emphasise the importance of monitoring and sample size, especially
when particular renovation methods, e.g. an interior insulations, are planned. Additionally the
findings show that the renovation measures used in the demonstration objects do not put the
durability of the existing construction at risk when the building moisture may dry up and the
room climate corresponds to average usage.

CONCLUSIONS

The results provide important feedback for the planner and the developer of the demonstration
buildings presented. The long-term studies prove the well-tried constructions® functional
efficiency and allow an apportionment on the developer’s other renovation projects.

The monitoring results are important validation data for current laboratory tests, which are
carried out on a true-to-life sample wall with ceiling-to-beam connection in a double climate
chamber. The aim of further laboratory tests is to closer examine the beam head detail on the
sample wall and to develop accompanying measures, e.g. a targeted tempering of components
for constructions with interior insulation.

ACKNOWLEDGEMENT

The “Austrian Research Promotion Agency (FFG)” and “Gassner & Partner Baumanagement
GmbH” supported this research. We are thankful to our colleagues Manfred Griiner and
Harald Hofbauer who helped running the measurements that greatly assisted the research.

REFERENCES

Guizzardi M., Derome D., Vonbank R., Carmeliet J. 2015. Hygrothermal behavior of a
massive wall with interior insulation during wetting. In: Building and Environment 89
(2015) p. 59-71

Kehl D., Ruisinger U., Plagge R., Grunewald J. 2013. Wooden Beam Ends in Masonry with
Interior Insulation — A Literature Review and Simulation on Causes and Assessment of
Decay. In: 2nd central European symposium of building physics, Vienna, September 9-11.

Strangfeld P., Staar A., Toepel T. 2012. Das hygrothermische Verhalten von Holzbalken-
kopfen im innengeddmmten Mauerwerk. In: Bausubstanz Heft 2, 2012 p. 45-51.

Wegerer P., Bednar T. 2017. Hygrothermal performance of wooden beam heads in inside
insulated walls considering air flows. In: Energy Procedia 132:652-657. June 2017.

EN ISO 13788:2013. Hygrothermal performance of building components and building
elements - Internal surface temperature to avoid critical surface humidity and interstitial
condensation - Calculation methods

228



7th International Building Physics Conference, IBPC2018

Experimental investigations of wooden beam ends in masonry with internal
insulation: results contrasting three years of the experiment

Pavel Kopecky!, Kamil Stanék', Michal Bures', Jan Richter!, Jan Tywoniak!
"University Centre for Energy Efficient Buildings, Tiinecka 1024, Bustéhrad, Czech Republic

*Corresponding email: pavel kopecky@fsv.cvut.cz

ABSTRACT

This paper deals with hygro-thermal performance of wooden beam ends embedded in
masonry walls with lime-cement plaster applied on the external side. Three different
insulation systems are attached on the internal side of masonry. The real scale experiment has
been monitored for three consecutive years. Microclimatic conditions in joist pockets were
assessed by VTT mold growth index. The paper shows the influence of two changes of
boundary conditions on the microclimate in joist pockets. First, moisture load on the internal
side of building enclosure was increased (24 °C, 60 % in winter 2016/2017 instead 20 °C, 50
% in winter 2015/2016). Then, the artificial short-time rain event brought liquid water onto
the external surface of building enclosure in July 2017. The rain intensity was chosen so as to
mimic the intensive summer thunderstorm. The increase of water vapor concentration in the
air on the internal side led to suitable conditions for mold growth in unsealed joist pockets of
a vapor open insulation system. On contrary, microclimate in sealed joist pockets in both
vapor open and vapor closed insulation systems stayed in acceptable levels with no mold
growth. The artificial rain event significantly changed the hygro-thermal performance of joist
pockets. Drying season was shortened and the relative humidity in joist pockets overtook the
time profile of external relative humidity.

KEYWORDS
internal insulation, wooden beam end, monitoring, moisture safety, mould growth

INTRODUCTION

Uninsulated brick buildings suffer from high energy consumption, poor thermal comfort and
mould growth on the coldest spots of the internal side of the building enclosure. Such
buildings were erected before the Second World War in many European cities and often form
entire neighborhoods. Floors are often supported by wooden beams placed in pockets
embedded in brick walls. The external insulation is usually excluded from refurbishment
measures, either because of the fixed building line or because of the decorative facade with
cultural value. The internal insulation is therefore the only possible technical solution in these
cases. However, the internal insulation significantly changes hygro-thermal performance of
the masonry wall.

As the wooden beam protrudes out thermal insulation it is also located in the cold part of the
building enclosure. The lower temperature in this position inevitably leads to higher relative
humidity of the air in the joist pocket. Moisture content of wood in contact with the air in the
pocket is therefore higher (as follows from the sorption isotherm) than it would be if wood
was placed on the warm side of the building enclosure. If moisture content of wooden beam
end is high enough for sufficient period of time, mold growth or even biodegradation can
occur.
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This paper deals with hygro-thermal conditions in the air cavity behind wooden beam ends
placed in masonry pockets. To study this phenomena long-time full-scale experiments were
built in University Center for Energy Efficient Buildings (UCEEB) of Czech Technical
University in Prague. Boundary conditions, temperatures, relative humidity, moisture content
in wood, and heat fluxes, have been continually recorded for three years. It is assessed
whether microclimate of the joist pockets was suitable for mold growth on the wooden beam
ends.

EXPERIMENTAL SETUP

Two “test windows” on the south west facade, with the dimension 3.0 m x 3.2 m each, are
occupied by brick masonry walls (30 cm) with lime cement plaster (2 cm) on the external
side. A climatic room with controlled internal environment is located on the internal side of
test walls. Three different internal insulation systems are attached on the internal side of
masonry: S1 - wood fiber insulation (8 cm, 14 cm) with thin plaster applied on the internal
side (5 mm), S2 - soft mineral wool (9 cm) placed between aluminum studs with smart water
vapor retarder and gypsum boards, S3 - vacuum insulation plates (2 cm) covered by EPS
(2 x 1 cm) with thin internal plaster (5 mm). Joist pockets were treated by different means, see
Fig. 1. For more details on the experimental setup see (Kopecky et al., 2016).

. A — Joist pockets left open, the thermal insulation ends on
il the surface of floor and ceiling, respectively.

B —Joist pockets sealed by tape attached to masonry, air
gap left between beam and masonry.

C —Joist pocket sealed by tape attached to masonry, gap
filled by wood fiber insulation.

H — Joist pockets sealed by tape attached to vapor retarder
foil, air gap left between beam and masonry.

3.2m

D —the same as B.

o,
E — Joist pockets sealed by tape attached to internal side of
insulation, air gap left between beam and masonry.

CAIA E3IAL CaIR: CIIA:

F — Joist pocket left open.
G - Joist pocket filled by PUR foam.

Figure 1. The view on the test fields (from exterior) with position of wooden beam ends.

terrain

=
<
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The following sensors were used to monitor hygro-thermal conditions at the wooden beam
end: 1) temperature sensors, 2) temperature + relative humidity sensors, 3) moisture content
pins. Positions of the sensors are shown in Fig. 2. Thermostat and hygrostat set points during
the whole experiment are introduced in Fig. 3. The air handling unit is not equipped by
dehumidifier. Therefore, the unit do not keep steady humidity during warm season.

300 Insulation between beams
|~ 150 (in some cases)
//
Masonry -7,‘20 2 y , interior
N
[5) | 1\
a T I
o ! l Wooden ° T+RH sensor
exterior S * [ il beam * Tsensor
I | i A Moisture content pin
Air or filled by — oA | Il P
material 1 \
Plaster Plywood - Primer coating + tape (in some cases)
I~ Thermal insulation and finish

Figure 2. Position of measurement sensors in masonry pocket with wooden beam end.
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Figure 3. Thermostat and hygrostat setpoints during experiment.

The artificial rain experiment was realized on 19.7.2017 by means of nine nozzles mounted on
a supporting frame (see Fig. 4). Time duration of showering was 40 minutes. The artificial
rain imitated a summer thunderstorm with exceptional but still realistic rain intensity in the
climatic locality. The experiment was intentionally performed during morning time
(i.e. without direct solar irradiation on the south west facade) so evaporation was relatively
low. Since sprinklers were positioned more in the central part of the test fields, the narrow
stripe near the perimeter of test fields stayed dry (see. Fig. 4). The total inflow of water into
the sprinkler device was 1,7 litres/m?*/min (68 litres/m?*/40min). The value is much higher than
the strongest wind driven rain observed on site during monitoring campaign. The total volume
of water sucked by the test field was 13,4 litres/m?/40 min (related to wet area, outflowing and
bypassed water was taken into account). Due to the limited size of the sprinkler device joist
pockets located on both vertical sides of test walls were not loaded as much as joist pockets
located in the central part of test walls. Based on the porosity of the plaster and bricks and the
total amount of water absorbed, it can be estimated that the saturated zone was approximately
located up to a depth of 5 cm when the artificial rain was finished.

3.0m 2

3.2m

terrain

Figure 4. Left — the front view on the test field with position of sprinklers and wooden beam
ends. Right — the sprinkler device positioned in the front of the test field.

RESULTS
Long-term measured data are summarized in Fig. 5.
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Figure 5. Measured data - temperature, relative humidity, water vapor concentration (weekly
averages) and calculated mould growth index (hourly values) for selected joist pockets. Left
column — system S1. Right column — systems S2 and S3. Temperature and relative humidity
were measured in the bottom part of joist pockets (see Fig. 2).
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Data depicted in Fig. 5 comprises weekly average values of temperature, relative humidity
and water vapor concentration. Wind driven rain load was calculated by a simplified method
of (Straube, 1998) for the spot near the ground in front of the test walls. Mould growth index
was calculated by the improved version of VIT mold growth model (Viitanen and Ojanen
2007). The input parameters are material (spruce wood), wood surface quality (resawn) and
hourly values of temperature and relative humidity measured in joist pocket.

Relative humidity in joist pockets exceeded 80 % during the experiment. Relative humidity in
unsealed joist pocket (C2) of water vapor open system S1 reached 100 % in December 2016
resp. in November 2017. Relative humidity in sealed joist pocket (C6) of vapor open system
S1 overshoot 90 % in February 2018. Relative humidity in the sealed pocket (I1) of vapor
closed system S2 reached 100 % in January 2018. Relative humidity in the sealed pocket (V2)
of vapor closed system S3 exceeded 90 %.

DISCUSSION

Similar patterns in time profiles of relative humidity in joist pockets were observed in the first
two cold seasons of the experiment. There is obvious negative correlation of relative humidity
in joist pocket with external air temperature. Moreover, relative humidity signals were
delayed and dampened (with exception of amplitude amplification in the unsealed pocket C2)
if compared with relative humidity of external air. Time lag and amplitude are related with the
treatment of pockets and the type of insulation system. Relative humidity profiles during the
last year of experiment differed from the patterns observed in the first two cold seasons.
Relative humidity and water vapor concentration in joist pockets was increased after the rain
experiment. Increase of relative humidity occurred even though mean external air temperature
stayed near 20 °C for one and half month after the rain experiment. Relative humidity in joist
pockets overtook relative humidity of the external air in time. Consequently, drying season
was shortened. Surprisingly, only the sealed joist pocket C2 in vapor open system S1 did not
show overtaking trend after the artificial rain experiment.

Water vapor concentration in joist pockets was systematically higher than water vapor
concentration in the internal and external air during summer months. Both internal and
external water vapor concentration were in equilibrium in summer months (no
dehumidification incorporated in the air handling unit). Therefore, some other moisture
sources than both ambient environments has to be responsible for that offset. Since the
external surface temperature is on average higher than external air temperature during summer
time and wind driven rain load tends to be higher in summer, it can be deduced that increased
water vapor concentration in joist pockets is due to moisture flow from external side towards
joist pockets. In addition, desorption of adsorbed moisture from wooden beam end also takes
place.

Relative humidity in joist pockets was kept safe only during the first cold season of the
experiment. Initial built-in moisture dried (as a consequence of very warm summer 2015).
Even sealed joist pockets tended to overshoot the critical relative humidity 80 % in cold
season under higher internal moisture load. Mould growth index indicated problems in
unsealed joist pocket C2 in vapor open system S1 whereas mould growth was not predicted in
joist pockets of vapor closed insulation systems S2 and S3 under higher internal moisture
load. Even joist pockets in vapor closed systems suffered from possible mould growth after
the artificial rain event (at the end of cold season 2018). It should be noted that probability of
a rain event with similar intensity is low in the locality. Moreover, mould growth index is no
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proof. Therefore, material samples will be taken from wooden beam ends at the end of the
experiment (spring 2018). Samples will be tested in a laboratory for presence of molds. In
addition, mutual comparisons of measured data in joist pockets with measured data from 1D
section of insulation systems could introduce useful information.

Some unexpected results were registered after the artificial rain experiment:

e Sealed joist pocket C6 experienced slower increase of relative humidity than unsealed
joist pocket C2. Due to the effect of tape on the outflow of vapor from joist pocket
towards interior one would expect faster increase of vapor concentration than in
unsealed joist pocket C2. Such performance might be caused by non-uniform rain load
introduced by sprinkler device (i.e. joist pocket C6 did not receive the same amount of
water as pocket C2).

e Secaled joist pocket V2 experienced slower increase of relative humidity than sealed
joist pocket I1. This is suspect since diffusion resistance of internal layers should
theoretically be much higher in case of insulation system S3. Such performance cannot
be attributed with non-uniform rain load since both joist pockets are located next to
each other at the same height. In this case, the slower increase of relative humidity
might be related with joints between insulation plates of vacuum insulation panels
(effective diffusion resistance of insulation system S3 is reduced).

The experiment will be modified in spring 2018. Some missing variants will be built
(e.g. an unsealed joist pocket in uninsulated masonry either with or without metal anchor, joist
pocket with non-hygroscopic beam, etc.). Moreover, sensor instrumentation so far is not
sufficient to deduce directions of moisture flows. With this respect, combined temperature and
relative humidity sensor should be placed at the external and internal side of test walls (close
to the surfaces). Moreover, combined temperature and relative humidity sensor should be
mounted at the interface of cold side of insulation layer and wooden beam.

CONCLUSIONS

The presented three-year long experimental results documented microclimatic conditions of
wooden beam ends placed in joist pockets in three internal insulation systems attached to
masonry walls located in semi-continental climate. The scope and nature of the data collected
does not allow to state generally applicable recommendations. However, fundamental
tendencies in performance and their relative significance can be evaluated. The more careful
analysis of measured data and further real scale experiments are needed in future.
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ABSTRACT

The present study looks into the hygrothermal behaviour of timber frame walls with brick
veneer cladding in a moderate sea climate. It specifically focuses on the contradictory
criterion for the wind barrier when it comes to the risk of interstitial condensation for summer
and winter conditions: a vapour open wind barrier is advantageous during an outward vapour
flow (i.e. in typical winter conditions for European climates), while during an inward vapour
flow (i.e. in summer conditions) a more vapour tight wind barrier is appropriate. Therefore, a
field study is conducted on two typical timber frame walls with brick veneer cladding and
wind barriers with different vapour diffusion resistance: the s¢-value of the vapour open wind
barrier and the more vapour tight wind barrier is 0.15 m and 1 m respectively at 70% relative
humidity. The experimental results show little influence of the vapour tightness of the wind
barrier: in general, relative humidity levels are similar in both walls. Outcomes of numerical
HAM simulations indicate that this may be caused by the moisture buffer capacity of the
different materials, which seems to play an important role to regulate the moisture levels
inside the timber frame walls. Further research is needed, however, to draw general
conclusions about the appropriate design of timber frame walls with brick veneer cladding.

KEYWORDS
Timber frame walls, brick veneer cladding, vapour diffusion resistance, moisture storage
capacity, summer condensation

INTRODUCTION

The increasing environmental awareness has a substantial impact on the building sector. Past
research made clear that timber as building material can help to reduce the carbon emission
and the total energy requirement of buildings (Australian Government FWPRDC, 2004; Milne
and Reardon, 2013). Therefore, the market share of timber frame constructions is increasing,
even in countries with a tradition of masonry buildings. However, since wood is a moisture
sensitive material, susceptible to mould growth and wood decay, it is essential to keep the
moisture levels in the walls to an acceptable level, necessitating specific care when designing
such walls. Today, it is common practice in Europe to provide a vapour barrier/retarder at the
inside of the wall, while the layers to the outside have an increasing level of vapour
permeability. In this way, the risk of interstitial condensation in the outer layers of the wall
due to an outward vapour flow is limited. A rule of thumb suggests the layers at the warm side
of the insulation to be at least 6 and preferable 15 times more vapour tight than the layers at
the cold side of the insulation (WTCB, 2013). However, as already stated by different
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researchers (Derome and Saneinejad, 2010; TenWolde and Mei, 1965), this design principle is
based on cold climates where the ‘warm side of the insulation’ corresponds to the indoor
environment. It does not consider possible inward vapour flow. In a country like Belgium
with a masonry tradition, timber frame walls are often finished with a brick veneer cladding,
which has a high buffer capacity for wind driven rain but low cavity ventilation rates
(Langmans et al. 2016). Consequently, high moisture levels in the cavity behind the brick
veneer cladding, resulting in an inward vapour flow, might occur. Different solutions
influencing inward vapour flow do exist: hydrophobation of the brick veneer cladding,
increasing the cavity ventilation rate or using a wind barrier with a higher vapour diffusion
resistance (Sandin, 1993). The last solution is maybe the most simple solution, however
increasing the risk of interstitial condensation in case of an outward vapour flow. Using the
Glaser method (EN ISO 13788), one can get an idea of the potential problem. The relative
humidity at the interface between the insulation (in casu mineral wool) and both the interior
and exterior sheathing for a common timber frame inner wall has been calculated in function
of the ratio of the vapour diffusion resistance of the interior and exterior sheathing (in terms of
equivalent air layer thickness s4: Sdi/Sdow). The indoor conditions are 20°C and 50%. The
cavity conditions are 3°C and 90% RH to simulate normal winter conditions and 35°C and
60% RH to simulate normal summer conditions. This simple calculation shows that only in a
small range of sdw/Sdow the relative humidity at the interface between insulation and both
sheathings will not reach 100% RH for the assumed winter as well as summer boundary
conditions (Figure 1). In case the interior sheathing is 6 to 15 times more vapour tight than the
exterior sheathing, the design will certainly lead to interstitial condensation in the assumed
summer conditions according to this simple calculation.

100 j=—,

%0 \

80

RH [%]

70 = |nterface MW/Ext. Sh. winter

60 Interface MW/Int. Sh. summer

50
0 2 4 6 8 10 12 14 16

sdin/sdout [-]

Figure 1: According to an elementary calculation, relative humidity conditions will be high at least at one
side of the insulation layer, no matter the ratio Sqin/Sdout.

The previous example suggests that summer condensation cannot be avoided with the
common type of timber frame walls. Note, though, that the Glaser method does not take into
account hygric buffering, nor liquid moisture transport. Therefore, the present paper studies,
in detail, the overall hygrothermal performance of brick veneer cladded timber frame walls in
a moderate sea climate and its risk of interstitial condensation, with focus on the role of the
vapour permeability of the exterior sheathing. Field measurements have been conducted at
KU Leuven, Belgium, on timber frame walls with different types of wind barrier. The
experimental results are compared with the outcomes of numerical simulations, which allow
for extrapolation of the different parameters.

EXPERIMENTAL SET-UP AND SIMULATION MODEL

Experimental set-up

In the VLIET test building of KU Leuven (Belgium), a long-term in-situ measuring campaign
is conducted on two typical timber frame walls with brick veneer cladding. The measurements
started in October 2015. The walls are 2.7m by 0.8-0.9m and consist of a brick veneer
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cladding (9cm), a ventilated cavity (4cm), a wind barrier (1.8cm), mineral wool insulation
between wooden studs (18cm) and an OSB board as interior finishing layer (2.2cm), as shown
in Figure 2. The brick has an absorption coefficient of 0.2584 kg/m?s*3 and its capillary
moisture content is 256.13 kg/m*. The wooden studs are made of Scots pine sapwood.
Furthermore, the cavity is ventilated by one open head joint (3.5 x 1.5 cm?) at the bottom and
top of the wall. The walls are South-West oriented, which is in Belgium the direction of
prevailing winds and solar radiation. The temperature, relative humidity and moisture content
of the materials is measured at different positions inside the wall. A weather station at the top
of the building registers the outdoor climatic conditions.

Figure 2: During field tests, the hygrothermal conditions inside real-scale timber frame walls with a brick
veneer cladding are measured.

In one set-up (referred to as ‘open’) a vapour open bituminous impregnated wood fibre board
(Celit') is used as wind barrier, whereas in the other set-up (referred to as ‘tight’) a more
vapour tight wood fibre cement board (Duripanel?) is used. The vapour tightness of the
interior finishing layer in both walls, in-casu OSB board, is in general still the highest
however. Apart from a higher vapour diffusion resistance, the wood fibre cement board also
has a higher moisture buffer capacity in the hygroscopic region compared to the wood fibre
board (Figure 3).
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Figure 3: Vapour diffusion resistance (left) and moisture buffer capacity (right) of the building materials
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Numerical simulation model

The same timber frame wall configuration is modelled in the numerical HAM-simulation
program DELPHIN 5.9 (Grunewald, 1997; Nicolai, 2007). Only a simplified 1D model
without wooden studs is considered. Since air change rates behind brick veneer cladding
ranges from 1-10 air changes per hour (ACH) (Langmans, 2016), a constant cavity ventilation

! Isoproc Solutions. Celit 3D. https://www.isoproc.be/nl/solutions/producten/detail/celit-3d/355
2 Siniat. Duripanel S3(B1). https://www.siniat.be/nl-be/producten-en-systemen/producten/platen/vezelcementplaat-duripanel
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rate of 5 ACH 1is assumed. The real indoor and outdoor conditions as in-situ measured are
imposed as boundary conditions.

RESULTS

In-situ measurements

By comparing the indoor vapour pressure (red line) with the cavity vapour pressure for the
open and tight set-up (dark and light blue line respectively) on daily averaged basis, it is clear
that in 2016 inward as well as outward vapour flow occurs (Figure 4). Outward vapour flow
mainly occurs in winter periods, whereas inward vapour flow mainly occurs in spring and
summer periods. In 2016, based on 10-minute in-situ measured data, 40% of the time the
vapour pressure inside the cavity was higher than the indoor vapour pressure (Table 1). The
vapour pressure difference in case of inward vapour flow is on average twice as high
compared to outward vapour flow, the standard deviation approximately three times higher.
These figures show that inward vapour flow in case of brick veneer cladded timber frame
walls cannot be neglected.

!

2000 Table 1: The occurrence of inward vapour flow
& 3000 and the vapour pressure difference between
< 2500 I 1500
2 5000 ) indoor climate and cavity (average and standard
3 1500 Mug f WW W deviation) clearly show that inward vapour flows
S 1000 --\[“M-:AIL v ) ' JA* A must be taken into account in case of brick veneer
g 500 % N cladded timber frame walls.
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Figure 4: Daily averaged indoor (red line) and cavity In Out | In Out

(dark and light blue for open resp. tight set-up) | Occurrence (%) | 40 60 40 60

vapour pressures indicate in- as well as outward | AP, verage (Pa) 430 240 410 250

vapour flow throughout the year. AP, 5a (Pa) 460 150 450 175

Next, the hygrothermal conditions at the potential condensation layers, the interface between
mineral wool and interior and exterior sheathing, are analysed (Figure 5). At the interface
between mineral wool and OSB board, a higher relative humidity is observed in summer
conditions compared to winter conditions. However, the relative humidity rarely reaches
values higher than 80% RH during the entire measurement period. Furthermore, little
difference is observed between both set-ups. Only during springtime, when the cavity vapour
pressure reaches high values while the indoor vapour pressure is still relatively low, the
benefit of a more vapour tight wind barrier can be observed. At the interface between mineral
wool and wind barrier, on the other hand, the relative humidity is higher in winter conditions
than in summer conditions. Again, little difference is observed between both set-ups: the set-
up with the more vapour tight wind barrier does not result in a higher condensation risk than
the other set-up. A possible explanation for the fact that only small differences are noted
between both set-ups is the moisture buffer capacity of the different materials inside the
timber frame wall. To get more insight in the role of the moisture buffer capacity and vapour
diffusion resistance, numerical simulations have been performed.

Numerical HAM-simulations

The trends in relative humidity at the interface between mineral wool and interior and exterior
sheathing are quite well predicted by the numerical model (Figure 5). Only the relative
humidity at the wind barrier in the tight set-up is underestimated in winter conditions.
Although the wooden studs are not included in the numerical model, the simulations do not
predict a higher condensation risk. This might indicate that the buffer capacity of the other
materials inside the walls is already sufficient to lower the relative humidity peaks.
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Figure 5: The in-situ measured relative humidity at both sides of the insulation layer shows only little
differences between both set-ups. The numerical simulations are in line with the in-situ measured data.

To study the impact of the buffer capacity of the exterior sheathing on the potential
condensation risk in winter conditions, the hygrothermal behaviour of the wall is simulated
with a wind barrier as vapour tight as the wood fibre cement board, but with the same low
moisture storage capacity of the wood fibre board. The results are compared with the original
numerical outcomes (Figure 6). A lower moisture buffer capacity indeed leads to a higher
relative humidity. In contrast, increasing the vapour diffusion resistance does not generally
result in higher relative humidity. It must be stated, however, that the difference in vapour
tightness of both wind barriers is less in the range of 80-90% RH compared to lower RH
regions.
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Figure 6: According to the simulations, the moisture buffer capacity of the wind barrier is more important
than the vapour diffusion resistance.

A second simulation focuses on the buffer capacity of the OSB board. Figure 7 shows the
change in relative humidity at the mineral wool — OSB interface with a theoretical OSB board
without moisture buffer capacity. It is clear that in this case solar driven moisture transport
leads to a condensation risk. Even the use of a more vapour tight wood fibre cement board as
wind barrier does not eliminate this risk: the tight set-up is below 97% RH for only 6% of the
time during which the open set-up is above this level. The different simulation assumptions,
amongst them the exclusion of the wooden studs, may affect the hygrothermal conditions
inside the wall. Nevertheless, the simulation outcomes emphasize the importance of the
moisture buffer capacity of the different materials in the wall.

CONCLUSIONS

The present study investigated the contradictory criterion for the wind barrier in timber frame
walls with brick veneer cladding when it comes to interstitial condensation for summer and
winter conditions. Therefore, a field study on two typical timber frame walls with brick
veneer cladding was conducted. One set-up had a vapour open wood fibre board as wind
barrier, advantageous for outward vapour flows, the other set-up had a more vapour tight
wood fibre cement board, which has potentially a higher resistance against solar driven
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Figure 7: According to the simulations, the moisture buffer capacity of the OSB board is more important
in avoiding summer condensation than the vapour diffusion resistance of the wind barrier.

moisture ingress. In contrast to an elementary calculation using the Glaser method, the
experimental results showed only little differences in the hygrothermal behaviour of both
walls. Numerical simulations indicate that this is probably caused by the moisture buffer
capacity of the different materials in the wall, which is at least as important as the vapour
diffusion resistance to lower the moisture levels inside the wall. However, to draw general
conclusions about the design of timber frame walls, more numerical simulations should be
performed. A 2D numerical model can point out the influence of the wooden studs on the
hygrothermal behaviour. Also the climatic conditions should be treated as a varying parameter
apart from the vapour diffusion resistance and moisture buffer capacity.
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ABSTRACT

In this paper, the performance to withstand mould growth of a highly insulated wall is evaluated
by applying a probabilistic-based methodology that accounts for the involved uncertainties and
investigates their significance. A sensitivity analysis according to the Morris method is
conducted to understand the influence of each parameter and simplify the system
representation. Deficiencies in terms of moisture and air leakages are accounted for. The mould
growth outcome is evaluated by integrating different mould models and assessment criteria.
The study demonstrates that a probabilistic-based methodology enables a more systematic
approach to evaluate wall constructions since it accounts for the involved uncertainties,
provides a clear association of the microbial growth to its likelihood, and enables the
identification and significance of the dominant parameters; hence, it delivers a more
comprehensive assessment of a building envelope.

KEYWORDS
Uncertainty; Sensitivity analysis; Probability; Mould; Building envelope.

INTRODUCTION

Highly insulated walls, which are walls with a considerable insulation thickness, have found
increasing acceptance over the last few years to reduce the heat flow across the construction by
increasing its thermal resistance. However, by increasing the thickness of the insulation the
likelihood of moisture-related damages may increase significantly on the layers on the colder
side of the insulation (Gullbrekken et al., 2015; Lepage et al., 2013). Especially when wood-
based materials are used, biodeterioration presents a serious concern due to the lower
requirements for microbial growth (Gradeci et al., 2017).

The design of wall constructions is replete with uncertainties. These are related to the outdoor
and indoor climate, physical parameters of the materials properties and geometries, and the
transfer of physical phenomena into numerical equations and models. Probabilistic-based
methodologies can account for these uncertainties, and thus have found increasing acceptance
over the last few years in the field of building performance simulation. Similarly, sensitivity
analysis techniques have found increasing application since they can facilitate a better
understanding of the system representation and the relationship between inputs and outputs
(Gradeci et al., 2018b). The objective of this study is to evaluate the performance to withstand
mould growth of a highly insulated wall by applying a probabilistic-based methodology. A
sensitivity analysis is performed to simplify the system representation and to identify the most
influential parameters. Finally, potential deficiencies from moisture or air leakages are
accounted for.
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METHODS

Building envelope

The building envelope investigated in this study is a stacked wood outside wall (Waltjen et al.,
2008) using an MDF-board as the wind barrier and a membrane as the vapour barrier (see Figure
1 and Table 1). A construction with a wood-based material is selected due to the higher
susceptibility to biodeterioration. A ventilated construction is chosen since the simulated rain
data in current software may need further improvement, and these constructions are the least
affected by rain.

E Spruce Cladding 22 mm
Air Cavity 50 mm
% MDF as Wind Barrier 16 mm
Rock Wool 300 mm
% $———r—Membrane/ Vapour Barrier
o——CLT 100 mm
|

! .
Figure 1. Configuration of the building envelope analysed in this paper.

Table 1. Mean values of material properties of the wall construction analysed in this paper.

Material Thermal Water vapour Density Heat Porosity
conductivity diffusion factor capacity
[W/mK] [-] [kg/m?] [J/kgK] [m?/m?]
Spruce Cladding  0.09 130 455 1500 0.73
MDF-board 0.12 15 508 1700 0.667
Insulation 0.033 1.3 91 840 0.95
Membrane $¢=20 m
CLT 0.13 156 462 1400 0.627

Probabilistic-based methodology

The probabilistic-based methodology (Figure 2) as presented in (Gradeci et al., 2018a) has been
further advanced by considering potential deficiencies, as described in the subsequent sections.
The Monte Carlo Latin Hypercube Sampling is used to propagate, in a stratified way, the input
variables by the simulation model to output variables. A total of 80 simulations are performed
with this technique and a Beta distribution is fitted to the results.

The Morris method (Saltelli et al., 2008) varies one parameter at a time and screens important
parameters by calculating two sensitivity measures: a) the mean p, indicating the overall effect
of the parameter; and b) the standard deviation o, indicating either interaction or non-linear
behaviour. A total of 24 parameters are considered for this study (see following sections); thus,
(24+1)x4=100 simulations are performed. Three case scenarios are considered: the standard
case without any deficiency, the second case when an amount of wind-driven rain (WDR) is
assumed to penetrate, and the last case when an air leakage is accounted for.

Hygrothermal simulations and deficiencies

The hygrothermal simulations are performed by WUFI® 6.1. WUFI does not entirely model the
air layer; therefore, a simplification that the temperature and relative humidity in the air are
similar to exterior conditions can be assumed (Tietze et al., 2017). The effect of the wind-driven
rain (WDR = 0.2 X rain X wind speed) is considered by applying moisture sources, while
short-wave radiation absorptivity is set to 0.4 for untreated wood cladding (Tietze et al., 2017).
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The initial conditions are set at RH = 80 % and T = 20 °C. The interface (wind barrier and
insulation layer) is investigated due to the most favourable conditions for mould growth.

Figure 2. Schematic workflow of the probabilistic evaluation procedure.

In real life conditions, wall constructions are subject to moisture loads from a number of sources
including wind-driven rain, bulk water (introduced by leakage), built-in moisture, water vapour
(introduced by vapour diffusion or air leakage), and capillary transport through materials in
contact with water or in contact with the ground (Lepage et al., 2013). Many of the latter may
originate from human errors. They are difficult to identify and to represent quantitatively their
distribution. Due to length requirements, this study considers only two scenarios, except for the
base case, in a parametric way; 1 % moisture source representing moisture leaks from wind-
driven rain according to ASHRAE recommendations and an interior air leak according to
(Lepage et al., 2013). The moisture source is mounted between the MDF and insulation, while
the air leak with airtightness class B is modelled according to recommendation in WUFI®
(2017).

Representation of climate exposure and material parameters

The performance of the building envelope is evaluated when exposed to Oslo climate, which is
a humid continental climate (ranked Dfb) with hot summers and very cold winters. The hourly-
based historical data, from 01.01.1997 to 31.12.2016, are used to represent the outdoor climate.
Each year among the 20-year long measurements is randomly distributed for each simulation
as applied in (Hagentoft et al., 2015). In the current study, the initiation date of the simulation
is also randomly sampled since it is another stochastic variable. Especially when the simulation
period is one year long, the results of mould growth are very sensitive to the initiation (Gradeci
et al., 2018a). The indoor climate is represented by a stochastic model based on a random
distribution of the moisture categories and model uncertainties, as developed in previous study
(Gradeci et al., 2018a).

A stochastic representation of the thermal conductivity of insulation material by conducting
experiments is presented in (Gradeci et al., 2018b) and used in this study. Ideally, all parameters
involved in the performance evaluation should be represented by their probabilistic models.
However, due to limitations of the necessary data that are retrieved from experimental analyses,
simplified assumptions are considered. A normal distribution (Salonvaara et al., 2001) is
assumed for the parameters presented in Table 1, while the rest of the parameters were assumed
as deterministic. The coefficient of variation is assumed 15 % for the vapour diffusion
resistance, 8 % for the thermal conductivity of material other than insulation, 5 % for the
density, 10 % for the heat capacity and 10 % for the porosity. The initial conditions for the
relative humidity and temperature are also randomly distributed with mean values as presented
in previous section and a coefficient of variation equal to 10%.
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Representation of the failure event and performance evaluation

Different models have been developed to represent the mould growth and are characterised by
specific strengths and limitations (Gradeci et al., 2017). Consequently, in the current study, the
mould growth is calculated according to the integration of three most established mould models:
VTT model (Viitanen et al., 2007), MRD model (Thelandersson et al., 2013) and IBP-
biohygrothermal model (Sedlbauer, 2002), as previously presented in (Gradeci et al., 2018a).
The substrate class 1 is used for the biohygrothermal model, the standard case (spruce, planed)
for the MRD, and the very sensitive class for the VIT model. Due to the lack of established
design criteria related to building envelopes and biodeterioration, results are expressed as a
density function associating potential levels of microbial growth to their respective likelihood.

RESULTS AND DISCUSSION

The sensitivity analysis results are presented in Figure 3 and Figure 4. The screening between
influential and non-influential parameters, among the variables set up previously, is performed
according to Morris method criteria (Saltelli et al., 2008). Only the influential parameters are
depicted in the figures. They differ based on which mould model is applied. Similarly, the
parameters' importance in the sensitivity analysis, as presented by the mean value, and its non-
linearity or interaction, as presented by the standard deviation, differ based on which mould
model is selected. The Mixture model and MRD model conclude that more parameters are
important. The outdoor weather is screened as the most important parameter with non-linearity
or interaction with other parameters. The indoor temperature in screened as important only from
MRD model and the Mixture model. This parameter is judged as important considering
engineering experience. The initial relative humidity is screened as an important parameter,
which makes sense considering the short time of simulations. For the standard case and when
an air leakage is accounted for, only the outdoor temperature and initial relative humidity are
screened as important parameters. The reason might be the fact that this construction provides
satisfactory performance, with low mould growth and/or due to one-dimensional simulations.
The important screened parameters are increased when the wind-driven rain penetration is
accounted for. The calculated mould growth is highly increased for this case.

8 8 8 8

7

6 | | 6 | | 6 | | 6 |

Out RH-In
RH-In 3 3 3

- 1 [ 1 [ MDF-VP

Standard Deviation

RH-In
In MDE-VP
- 1

[ WINS-ThC 1 ] 1 f min
MDE-VP INS-ThC

Mixture model VTT model MRD model IBP model

Figure 3. Sensitivity analysis results for the case when the wind-driven rain is accounted for.
Difference between mould models. (In: indoor climate, Out: outdoor climate, RH-In: initial
relative humidity, MDF-VP: water vapour diffusion factors of MDF, INS-ThC: thermal
conductivity of insulation material.)

The results from sensitivity analysis enables a simplification of the system representation by

reducing the number of variables, and thus the number of simulations. For the following
calculation, only the influential parameters are accounted for as uncertain. The mould growth
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results are shown in Figure 5 as the cumulative density function assessed against different
available criteria. In addition, the results from applying the deterministic approach are shown
as vertical lines when applying the MDRY (Moisture Design Reference Year), which is a
conventional engineering approach, and the maximum mould growth during one year for the
past 20 historical years in Oslo. The likelihood of obtaining the mould growth based on the
historical data is high, while for MDRY is relatively lower implying that the probabilistic
approach prevails the conventional one when representing the past twenty years.
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Figure 5 Cumulative density function of the mould growth according to three case scenarios
assessed against different available criteria.

Moreover, a clear association can be retrieved between the different mould growth levels and
their likelihoods. The performance of the investigated wall is satisfactory unless wind-driven
rain penetration is simulated. However, it should be noted that there are no available criteria in
codes/standards following simulations results with a duration of one year. Therefore, different
assessment criteria can be considered, as shown in Figure 5, providing the flexibility to adapt
the requirements and criterion based on the case study at hand. Otherwise, it is advised a longer
time for the simulations to resemble the expected service life of the construction.
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CONCLUSIONS

The probabilistic-based methodology enables a more systematic approach to performance
evaluation of highly insulated walls since it accounts for uncertainties and delivers a clearer
association of the mould growth to its likelihood. Furthermore, the application of sensitivity
analysis is very beneficial in the design of wall constructions since it identifies and ranks the
most dominant parameters influencing the outcome. The application of this methodology could
be extended to different wall constructions, failure modes, climate exposures, and other
deficiencies.

REFERENCES

Gradeci, K., Berardi, U., Time, B., & Kohler, J. (2018b). Evaluating highly insulated walls to
withstand biodeterioration: A probabilistic-based methodology (under review).

Gradeci, K., Labonnote, N., Time, B., & Koéhler, J. (2017). Mould growth criteria and design
avoidance approaches in wood-based materials — A systematic review. Construction
and Building Materials, 150, 77-88.

Gradeci, K., Labonnote, N., Time, B., & Kohler, J. (2018a). A probabilistic-based methodology
for predicting mould growth in fagade constructions. Building and Environment, 128,
33-45.

Gullbrekken, L., Geving, S., Time, B., Andresen, 1., & Holme, J. (2015). Moisture conditions
in well-insulated wood-frame walls. Simulations, laboratory measurements and field
measurements. Wood Material Science & Engineering, 10(3), 232-244.

Hagentoft, C. E., Kalagasidis, A. S., & Rode, C. (2015). 55, Reliability of Energy Efficient
Building Retrofitting-Probability Assessment of Performance & Cost (RAP-RETRO).

Lepage, R., Schumacher, C., & Lukachko, A. (2013). Moisture management for high R-value
walls.

Salonvaara, M., Karagiozis, A., & Holm, A. (2001). Stochastic building envelope modeling—
the influence of material properties. Thermal Performance of Exterior Envelopes of
Whole Buildings VIII, 2-8.

Saltelli, A., Ratto, M., Andres, T., Campolongo, F., Cariboni, J., Gatelli, D., . . . Tarantola, S.
(2008). Global sensitivity analysis. the primer: John Wiley & Sons.

Sedlbauer, K. (2002). Prediction of Mould Growth by Hygrothermal Calculation. Journal of
Building Physics, 25(4), 321-336.

Thelandersson, S., & Isaksson, T. (2013). Mould resistance design (MRD) model for evaluation
of risk for microbial growth under varying climate conditions. Building and
Environment, 65, 18-25.

Tietze, A., Ott, S., Boulet, S., Gradeci, K., Labonnote, N., Grynning, S., . . . Pousette, A. (2017).
Tall Timber Facades — Identification of Cost-effective and Resilient Envelopes for Wood
Constructions.

Viitanen, H., & Ojanen, T. (2007). Improved model to predict mold growth in building
materials. Proceedings of the X International Conference on the Performance of the
Exterior Envelopes of Whole Buildings, Clearwater, FL.

Waltjen, T., Pokorny, W., Zelger, T., Torghele, K., Moétzl, H., Bauer, B., . . . Unzeitig, U.
(2008). Details for passive houses. A catalogue of ecologically rated constructions:
Springer, Wien.

WUFI®. (2017). Guideline for Using the Air Infiltration Source in WUFI®.

246



7th International Building Physics Conference, IBPC2018

Renovation with Internal Insulation and Heat Recovery in Real Life
— Energy Savings and Risk of Mold Growth

Martin Morelli"* and Eva B. Meller!
! Aalborg University, Danish Building Research Institute, Denmark

*Corresponding email: mmo@sbi.aau.dk

ABSTRACT

This paper presents a pilot project for renovation of a large residential area; focus is on energy
consumption and risk of mold growth. The renovation included internal insulation of walls
with capillary active insulation material, balanced mechanical ventilation with heat recovery
and insulation of floor towards basement. These types of measures are not completely new
and have been used in other buildings as well, however the measures may be either risky
regarding mold growth or the effect is uncertain with the specific external wall composition.
A pilot project including six apartments was performed to test the measures in these specific
buildings. Furthermore, six reference apartments were monitored simultaneously.

For two years, energy use for heating was measured as well as temperature and relative
humidity in the internal insulation, indoors and outside. The insulation was dismantled in two
apartments after two years, to test for mold growth at the original wall surface.

In extreme cases, the relative humidity in the walls behind the insulation system was up to 90
% RH shortly after installation, and mold growth models predicted growth of mold. However,
the relative humidity decreased, typically to 70 % RH in the second winter. The inspection
and measurements after the removal of the insulation material did not show signs of mold
growth. Apparently, the used insulation material can be used in this specific case without risk
of mold growth. Energy savings for heating was measured and calculated to around 25 %.
However, the electricity use for ventilation was almost equal to savings from heat recovery.

KEYWORDS
Internal insulation; capillary active material; measurements; moisture; heat

INTRODUCTION

To save energy a large residential area from the 1950s is considered for renovation. The intent
of the project is to demonstrate that energy savings are possible and moisture-safe using
internal insulation with capillary active insulation materials combined with insulation towards
a basement and mechanical ventilation with heat recovery. The case is Folehaven; a large
urban area in Copenhagen, Denmark consisting of three-story apartment houses with approx.
74,200 m? heated floor area, rented out by a housing association. The brick masonry
expression of the area is deemed worthy of preservation because of its architectural value.
Internal insulation is therefore the only option for energy improving the walls. The Danish
National Building Fund subsidizes energy-saving measures in social housing projects;
however, the fund only subsidizes known and low risk measures. Traditional internal
insulation with mineral wool and vapor barrier is not considered among these, due to high risk
of mold growth, which has been experienced in other dwellings. Capillary active insulation
materials have a specific pore size and pore distribution, allowing moisture to be transported
by capillary suction from an area with capillary condensation to a more dry area, i.e. from the
intersection wall/insulation material to the inside. Capillary active materials have been
investigated by several researchers (e.g. Haupl et al, 2003; Pavlik and Cerny, 2009; Vereecken
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and Roels, 2015). However, well-documented projects with more than two years’ experience
are rare. Therefore, the objective of this pilot study is to provide documentation of the
hygrothermal effects — including energy savings — of internal insulation with capillary active
materials in these specific buildings. This would comply with The Danish National Building
Fund requesting measurements conducted over a longer period e.g. five years in Denmark.

METHODS

The test site

The settlement Folehaven consists of 55 three-story apartment houses with 932 apartments.
The buildings were built 1952-1962, and the materials may vary from building to building;
generally, the walls are 360 mm thick made of bricks outside (110 mm) and lightweight
concrete (240 mm) and plaster on the inside. The horizontal divisions are made of concrete.
Attic and basement are unheated. Six apartments in the same staircase were chosen for the
pilot project, see Figure 1. All apartments had a size of approx. 75m?. Energy saving measures
were installed in the summer of 2015. As a reference, six apartments were chosen, these were
not renovated, however; layout, location and orientation were similar to the test apartments.

a) b) ! T 1 =

Figure 1. a) Layout of two apartments. Red designation is an internal apartment and blue
designation is an apartment with a gable. In the grey area, a suspended ceiling is used to hide
ventilation ducts. b) Cross section of the three apartments, basement and attic.

Several possibilities to reduce the energy consumption of the settlement Folehaven were
considered but abandoned: External insulation was excluded for architectural reasons; internal
mineral wool insulation with vapor barrier was deselected due to moisture risk from leaky
vapor barriers; vacuum panels were rejected due to the high price and not being adjustable on
site. New more energy efficient windows were considered, however, windows were renewed
within the last 15 year and the building owner wanted to take advantage of the remaining
service life. The attic floor was recently insulated. Conclusively, few options were left:

e Mechanical ventilation with heat recovery to replace the old system with natural
ventilation through opening of windows and the stack effect of a ventilation shaft leading
from the bathroom to the rooftop.

e Internal insulation with materials that need no vapor barrier (capillary active materials),
and insulation of the floor division towards the basement.

The insulation material was chosen based on several criteria; i.e. thermal conductivity,

price, robustness and flexibility. It was decided to test PUR foam with thin calcium silicate

channels every 40 x 40 mm (A-value of 0,031 W/m-K). The gable was insulated with 80

mm and the facades with 50 mm due to large windows and limited space behind installations.
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Energy-saving potential

The energy savings were theoretically calculated and measured on site. The theoretical energy
consumption for heating and ventilation was calculated using the software program BelO
(DBRI, 2015). U-values and Y-values were calculated through detailed 2D thermal
calculations of assemblies before and after renovation and used in the Be10 model.

Energy consumption for room heating was measured with energy meter on the main heating
pipes in the basement. Energy meters were installed on the mixing pipes before the after-
heating surface of the ventilation system. Furthermore, the ventilation unit’s electricity
consumption was measured. The measurements covered the period April 2016 to March 2017
as a comparison between the test apartments and the reference apartments. The set point for
the ventilation unit was 21 °C; however, at outdoor temperature above 18 °C, the after-heating
surface was bypassed.

Onsite measurements of temperature and moisture

Temperature and relative humidity were measured and logged:

e Hourly in three rooms inside the six test apartments and six reference apartments with
data logger Lascar EL-USB 2+ (Lascar Electronics) before and after the renovation. Data
collection time: September 2014 to August 2015 and again March 2016 to June 2017.

e Hourly outside with similar data loggers and collection time as used inside. Alternatively,
equivalent measurements were obtained from the Danish Meteorological Institute, as
some loggers were stolen during the test period.

e Hourly inside the wall, at the intersection between original wall and the new interior
insulation material. In each apartment, eight to ten sensors (Tramex Hygro-i connected to
Transmitter IP65) were installed. The signals from the transmitters were collected by
Profort mini data collector and were accessible via Internet. All instruments from BMT
instruments (BMT Instruments). Data collection time: From December 2015 and ongoing.

Dismantling of insulation

Two years after installation, the interior insulation material was dismantled in two test
apartments to inspect the area behind the insulation for mold growth; a check whether reality
corresponds with mold growth models using actual hygrothermal measurements. One
apartment was chosen because the installation of the insulation material was not in accordance
with the guidelines of the manufacturer. The other apartment was chosen because the moisture
load was high in this apartment before the renovation and measurements inside the wall
showed high relative humidity the first winter after the installation of the insulation material.
After dismantling the insulation material, the walls were visually inspected and Mycometer
tests (Reeslev and Miller, 2000) were performed in critical areas. In the apartment with high
moisture level behind the insulation material, additional mold tests were made with pressure
plates and tape strips that were investigated in a microscope.

RESULTS

Energy consumption

The energy consumption for heating in the six renovated apartments during the heating season
2016/2017 was measured to 31.2 MWh at an average indoor temperature of 22.2 °C. The
reference apartments with similar indoor temperature had a consumption of 41.1 MWh. This
corresponds to a 24 % reduction in the energy consumption for heating or 9.9 MWh/year.
Table 1 shows the theoretical calculation of the savings for the six apartments. The total
energy savings for heating are 10.4 MWh/year. The specific fan power for the ventilation was
800 J/m?, which for an air change of 516 m>/h in constant run corresponds to 1.0 MWh/year.
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Table 1. Theoretical calculation of U-value, air changes and energy saving for heating.
U-value *[W/m’K]  Air change [m*/h] Heating energy saving

Measure Before  After Before  After MWh/year %
Internal insulation of walls  1.05 0.65 7.3 70
Insulation of floor 0.70 0.40 2.2 22
Balanced ventilation B 344 € 516 ¢ 0.9 8

A U-values includes the linear thermal transmittance. ® Heat recovery of 80%. © Air change before is
2/3 of the air change after which correspond to 0.5 h™'.

Measurements of temperature and relative humidity

From October until March the average indoor temperature was 22.3 °C and 22.2 °C in the
winter 2014/15 in the test apartments and the reference apartments, respectively. In the winter
2016/17 the average indoor temperature was 21.9 °C and 22.5 °C, respectively. The average
outdoor temperature was 6.1 °C in the winter 2014/15 and 4.9 °C in the winter 2016/17.

Indoor relative humidity depends on moisture content in outdoor air, moisture supply
depending on ventilation rate and use of the apartment, and the indoor temperature. To
eliminate the influence of temperature of the indoor air, the results of the measurements in one
room in a test apartment is presented in Figure 2 as moisture supply.

Before | After

v £ T

Sensor #5156 + 5500

Moisture supply [g/m3]
[an]

18-09-2014

27-12-2014

06-04-2015

23-10-2015

31-01-2016
O-UO =2k

-6

Figure 2. Moisture supply in a bedroom in one of the test apartments before and after the
renovation. Compared to other apartments, the moisture supply was high before the apartment
was renovated. The straight line in the middle covers the period without measurements.

Figure 3 shows a typical example of the temperature and relative humidity measured at the
intersection of the interior insulation material and the existing wall. The most extreme case,
and therefore, the one with the highest risk of mold growth, had a relative humidity of approx.
95 % RH in the winter 2015/16 at a temperature of 5-10 °C. The following winter the relative
humidity had decreased to approx. 85 % RH at a temperature of 5-10 °C. The interior
insulation was dismantled in that apartment.

The visual inspection of the walls after dismantling the interior insulation material did not
show any signs of mold growth. This corroborates with the Mycometer tests, where only one
test was higher than level A (background level). The highest Mycometer number was 34 i.e.
very low number at level B (typical for e.g. dust), that goes from 25-450 (Reeslev and Miller,
2000). In the same point, the pressure plate test showed more than 50 colony forming units.
All tape tests showed few spores but no mycelium on the wall.
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Figure 3. An example of typical conditions measured in the intersection between interior
insulation material and existing wall.

DISCUSSIONS

Energy

The settlement Folehaven had from 2013-2016 an energy consumption for heating of 143-147
kWh/m?, compared to key figures for the council housing sector, this is about 30 kWh/m? or
20 % higher than average. The findings from this study showed that the heating energy
consumption could be reduced by 24 % when insulating the floor above the basement,
installing internal insulation and balanced mechanical ventilation with heat recovery. If the
savings found in the six apartments can be applied to the entire settlement, the heating energy
consumption could be reduced to 109 kWh/m?. These savings are obtained in six apartments
where three have gables and three are internally located. As 1/3 of the staircases only have
internally located apartments, the total savings might be lower. The indoor temperature was at
a similar level before and after renovation, thus the rebound effect was minimal. In this pilot
project, the energy use for running the ventilation corresponded to the heat savings obtained
from the heat recovery. Furthermore, the ventilation rate was increased after renovation.

Temperature and relative humidity

The indoor climate varied in the different apartments but were within what was to be expected
in apartments according to ISO 13788 (ISO, 2012). However, the moisture supply in Figure 2
was high before the renovation. After the renovation, the moisture supply decreased to normal
level, probably due to the installation of a mechanical ventilation system. In apartments where
the moisture supply was low before the renovation, no change could be detected.

When the measurements from behind the insulation material were used in mold growth
models like Viitanen et al. (2011), mold index > 1 was to be expected in a few points,
however, the inspection did not show mold in these areas. That may be because the walls were
completely cleaned before the insulation material was installed, therefore, there was no
organic material in the area, and theoretically dirt could not enter, i.e. no nutrients for the
mold. In one point, the Mycometer level was B and there was mold growth on the pressure
plate. However, the tape test combined with the Mycometer test indicated, that there was no
active growth in the area. In areas where the relative humidity was high in the beginning, it
decreased in the next winter; probably some build in moisture from the application with wet
glue mortar had to dry out. Consequently, it is still necessary to follow the relative humidity
and temperature in the wall to see how the system will perform over time. Especially because
the two winters were mild compared to winter in the Danish reference year.
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CONCLUSIONS

Renovation of buildings with special architectural appearance often ends in discussions of the
possibility of applying external or internal insulation to save energy or improve the indoor
environment. Therefore, it is important to decide what is most essential; obtaining energy
savings, improving indoor environment, architectural value, etc. It is the author’s opinion that
moisture safety is crucial. When this is ensured, the heating energy savings in renovation
projects can be calculated relatively easy. In this case, 24 % savings were documented.

When buildings are internally insulated, the indoor moisture supply becomes critical. Some
users may not be aware of this; therefore, combining internal insulation with mechanical
ventilation is a good idea, as the study confirms that mechanical ventilation reduces the
moisture supply in apartments where the moisture supply was high.

Although the investigation of mold growth did not reveal any danger, it is still too soon to
conclude that the investigated type of internal insulation is moisture safe in these apartments.
Partly because mold models indicate, that mold growth may occur, partly because the two
winters have been mild. Furthermore, it is important to notice, that the investigation only
apply to these specific buildings. There is still a need to investigate how the internal insulation
materials perform in other buildings; this applies to energy savings as well as moisture risk.
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ABSTRACT

There are many historic brick buildings in downtown areas of the U.S. that are awaiting
appropriate strategies for their adaptive reuse and preservation. The adaptive reuse method
enables the adaptation of existing, obsolete historic buildings into new, mixed-use
developments that will play an essential role in enhancing urban environments. However, many
of these buildings have poor energy performance. This paper explores sustainable methods to
balance between historic preservation and reduction of peak energy loads, through analyzing
design strategies and conducting energy simulations for a building in downtown, Austin, TX.
Energy retrofits related to windows, high performance of the facades with added insulation, and
passive (spatial) interventions are covered in depth. Four retrofit scenarios were applied and
simulated using the energy analysis tool in Revit, a popular BIM program. Analyzing the energy
consumption data, we compare an existing building’s facade condition to the retrofit scenarios’
energy performances and record the energy performance data. This research proposes energy
efficient preservation options for historic buildings and ultimately emphasizes potential values
such as balancing the integrity of the original design with energy goals. We explore novel
solutions for making historic buildings more sustainable through combining the adaptive reuse
method with energy retrofit strategies that play up the historic buildings’ unique passive
potentials. The various solutions are found to be highly dependent on the climate.

KEYWORDS
Energy retrofit, adaptive reuse, historic preservation, facade, peak energy demand reduction

INTRODUCTION

Our research questions start from the growing trend of repurposing historic buildings. Because
their original functions have been abandoned or new uses are emerging for them, architects and
planners need to consider dealing with historic buildings economically, environmentally, and
socially (Orbasli 2008). The act of extending the life of a building through adaptive reuse helps
to lower material, transport and energy consumption; significantly contributing to sustainability
goals and providing multiple benefits (Bullen and Love 2009).

Restored masonry buildings create vast opportunities for revitalizing communities and
promoting cultural value. Instead of destroying the old brick materials and wooden structures,
facade retrofits can create spaces that offer new experiences. Such reuse of buildings gives
specific opportunities for the public to perceive the value of historic buildings and to make them
attractive to neighborhoods and visitors. However, commonly, historic brick buildings are
recognized for their poor energy performance with installed single pane glass windows.
Therefore, they require a new approach to be adapted with appropriate uses and energy
retrofits.
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The method of dealing with existing facades comprises a large proportion of the adaptive reuse
of old buildings. Because people tend to recognize buildings by the materials and patterns of
their facade, facade retrofits can help preserve the historical significance of facades and meet
modern energy standards. There are many articles dealing with the advantages of adaptive reuse
or retrofits of old buildings, and the improvement of the building envelope, such as insulated
roof and window replacements, could significantly reduce heating energy demand, for example,
by 52% (Gourlis and Kovacic 2016).

This research addresses four retrofit scenarios for historic brick buildings in downtown Austin,
TX. The study presents qualitative and quantitative comparisons of those scenarios, to help
architects and planners to understand and apply the appropriate strategies for facade retrofits of
old brick buildings in similar areas. The findings demonstrate which strategies are suitable for
facade energy retrofits, while balancing energy goals and preserving the cultural value of old
brick buildings.

METHODS

Facade retrofit scenarios are analyzed through Revit 2017, using the Energy Analysis for
Autodesk Revit Engine. The 3D models represent a building that is 45 feet by 125 feet in plan
and 35 feet high, typical for a historic building in downtown Austin. They comprise a ground
floor and second floor with a stair opening. Southern and northern facades have four glass
doors (7 feet wide by 12 feet high) on the first floor with wood framing and four windows (6
feet wide by 10 feet tall) on the second floor. We set up the input data as retail (building type),
Austin (location), and occupancy rate (default of retail facility occupancy: 107.64 SF per
person). The 3D models include brick facades and wooden structural systems. We obtain the
energy data based on the information and change the specifications of windows and the glass
front entry. This paper proposes four types of energy retrofit strategies for historical brick
buildings and evaluates them by using the energy consumption data that we obtain from
simulation in Revit (see Table 1).

Table 1. Retrofit typologies.

Retrofit Option Description U-value R-value
(Btu/(h-fi>-°F)) _ ((h-ft*-°F) Btu)
Existing Single pane glass  8-inch masonry 1.18 0.85
1/4-inch single pane glass with 3/8-inch 0.50 1.98
cavity
Alt-1 Double glazed 8-inch masonry 1.18 0.85
low-e 1/4-inch double glazed glass (clear, low-¢ 0.35 2.86
(e=0.05))
Alt-2 Wall insulation 3-inch thermal/Air layer + metal stud + 0.02 50
gypsum wall board on interior of exterior
wall 0.35 2.86
1/4-inch double glazed glass (clear, low-e
(e=0.05))
Alt-3 Secondary Alt-2 0.35 2.86
glazed windows  Secondary windows system 0.35 2.86
Alt-4 Double skin Alt-2 0.35 2.86
(glass) Glass covered facade 0.35 2.86

(system panel; 1/4-inch double glazed
glass (blue-green, low-e (e=0.05))

Through conducting the energy analysis in Revit, we obtained the data including annual energy
consumption, monthly peak demands, and monthly cooling/heating load. This paper selects
‘peak demands’ representing peak cooling/heating load for comparing an existing building to
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four facade retrofit scenarios. A growing number of retrofit interventions have started to take
place around the world. All of them represent unique characteristics and respond to specific
budgets, contexts, and functions. We re-classify those interventions into four categories of
facade retrofit based on Martinez’s table (Martinez 2013) (e.g. single pane glass, double glazed
low-e, wall insulation applied to the interior of the exterior facade wall, secondary glazed
windows, and double skin). Based on the proposed typologies, we create 3D models in Revit
and run energy analyses in order to better understand how those strategies deal with energy
improvements.

It should be noted that the simulated data would be different with measured results in an actual
building because of orientation, climate condition, surroundings, and accuracy of simulation
models. However, through modeling, this paper addresses facade retrofit typologies based
quantitative and qualitative analysis of the simulation data, ultimately including the cultural
value of the brick material, the design, and aesthetics. Thomas describes that successful
sustainability should be evaluated by qualitative and quantifiable criteria simultaneously
(Thomas 2004), which is why we chose to also value the aesthetic impact of retrofit measures
- keeping our interventions as visually subtle as possible.

RESULTS

Five 3D models were designed in Revit for energy analysis based on the narrow rectangular
type commercial building in downtown Austin. We gathered energy data to compare sustainable
solutions for the adaptive reuse of historic brick buildings. Nagy explains that window
replacement alone is able to reduce heating energy consumption by 12%, according to measured
and simulated data for a building in Zurich, Switzerland (Nagy et al. 2014). Considering the
total peak energy demands of an existing brick building in Austin, TX, which has a different
climate and occupancy, the replacement of single pane glass with double low-e glass (low
emissivity) enables the reduction of the peak energy demand by 0.70% (see Table 2).

Table 2. Comparison of energy simulation data. (1Btu=0.293Wh)

Retrofit Option Floor Peak Cooling Peak Heating Total Load WRT Single
Area total load total load (Btu/h) Pane Glass
() (Btu/h) (Btu/h)
Single pane glass 11,035 531,657.30 326,727.40 858,384.70 100.00%
Double glazed low-e 11,035 526,012.30 326,283.70  852,296.00 99.29%
Wall insulation 10,454 154,253.40 24,268.00 178,521.40 20.80%
Secondary glazed windows 10,194 130,663.10 14,465.70  145,128.80 16.91%
Double skin (glass) 11,084 188,675.40 32,413.10  221,088.50 25.76%

Table 2 illustrates peak energy demands of five typologies. ‘Improvement of the wall insulation’
resulted in approximately 80% total peak energy demands reduction as compared to the existing
brick model, ‘Single pane glass’. The ‘secondary glazed windows’ option allows for a reduction
of 19% peak energy demand compared to ‘improvement of insulation’.

According to Figure 1, the ‘double skin scenario’ reduces the peak energy demand less than the

improvement of wall insulation. Rather, total peak energy demands are increased as compared
to insulation improvement.
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Figure 1. Peak energy demand comparison. (1-Single pane glass, 2-Double glazed low-e, 3-
Wall insulation, 4-Secondary glazed windows, 5-Double skin (glass))

Table 3 shows the energy analysis models, plans, and section drawings. The double skin type
has an additional seven feet wide corridor at the southern facade. Comparing facade
visualization of five scenarios, the double skin option is only changed by layering the old brick
material with glass (see Table 4). However, all the typologies enable the preservation of the
brick material and its facade elements.

Table 3. Energy simulation models, plans, and southern facade section drawings in Revit.

Single Pane Double Glazed Wall insulation Secondary Double skin
glass low-e glazed (glass)
windows
Energy
model
Section

Table 4. Comparison of external facade visualization.
Single pane glass ~ alt-4 Double skin (glass)

Southern
facade
render
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DISCUSSIONS

The building type analyzed is typical as part of downtown Austin’s grid, planned by Edwin
Waller in 1839. In general, most of the narrow rectangular type buildings face north and south,
and are surrounded on the sides with adjacent buildings. Window to wall ratios are already low
in such historic buildings, so replacement of the glass will not have as much of an impact as it
would in buildings with larger windows. As seen in the second scenario, replacement of
windows by low-e, the peak demand reduction is smaller than we expected, when looking at
similar retrofit studies elsewhere. Moreover, as the occupancy is retail/commercial, and a
narrow rectangular building facing south, it will not benefit as much from window replacement
because there are more internal heat loads from the greater number of occupants, while the west
and east facades are insulated by attached buildings.

The energy consumption significantly depends on building types or internal thermal loads, such
as human activities. Replacing old single pane glass in this case helps to reduce peak cooling
total loads more than peak heating loads. Improving specifications of facade wall type have
positive effects on peak energy demand reduction. Upgrading old windows and doors to meet
modern standards should be adopted into old buildings in Austin, with improving energy
performance of the wall. These interventions are also visually unobtrusive to the original design.

Keeping old facades and preserving historic districts can produce social benefits to visitors and
neighborhoods. The adaptive reuse and retrofit strategies for old buildings are produced by
various decision makers. However, social aspects and the aesthetic value of historic brick
buildings should also be considered as a positive solution for urban sustainability, and are not
found to be in conflict with energy saving measures, according to our study. Moreover, a double
skin type might be possible solution for harmony with modern goals while also preserving the
historic brick material, but would most visually alter the facade and would also perform better
in a climate less prone to overheating.

CONCLUSIONS

Austin, Texas has a humid subtropical climate, which requires a consideration to reduce cooling
load from May to September. This study focuses on peak energy demand reduction for historic
brick buildings, with retrofit alternatives evaluated and predicted with energy consumption data
in balance with aesthetic impacts important for historic preservation. The best solution that
balances the energy performance and aesthetic of the historic building is the option of adding
an additional layer of glass on the interior side of the historic single pane windows (secondary
glazed windows) in addition to better insulation. This totally preserves the character of the
building from the outside, including the original window appearance, while greatly improving
the energy performance with only a slight reduction of interior space.

This paper deals with balancing energy retrofit strategies and social-cultural value. Symbiotic
strategies need to be considered in the early design phase of energy retrofit projects (Eliopoulou
and Mantziou 2017). Unless the simulated data might be different with measured data in actual
buildings, this paper proposes potential methods for the development of energy retrofits for
historic buildings. Historic buildings are often limited in their energy retrofit options because
of preservation requirements (Zagorskas et al. 2013). Therefore, this study does not cover
shading options that would greatly alter the external appearance of the facade. However, it has
been argued that the interaction between building regeneration, economic development and
social renewal enables planners to make cities creative places (Sepe 2013). For this reason,
balancing between historic preservation and energy retrofit strategies proves a significant step
for architects and planners to make cities more sustainable.
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ABSTRACT

The high solar heat gains in highly glazed buildings are a major thermal discomfort factor
leading to higher energy consumption for space cooling. Higher window to wall ratios (WWR)
also entail large temperature fluctuations due to heat loss and temperature extremes in buildings.
Passive latent heat thermal energy storage (LHTES) is a potential solution to regulate the indoor
thermal environment in buildings through mitigating the indoor surface temperatures. In this
study, the effectiveness of phase change materials (PCMs) in the context of a highly glazed
apartment unit with 80% WWR is investigated for internal wall and ceiling applications. To
provide thermal energy storage across the year, a composite PCM system with two melting
temperatures is proposed, comprised of two PCM products, one with a melting temperature of
21.7 °C and the other with a melting temperature of 25 °C. To test the performance of this PCM,
experimental tests were performed using test cells placed under climate conditions of Toronto
to monitor changes in the phase change cycles of the PCMs and their impact on indoor air and
surface temperatures. The results indicate improved thermal performance of the test cell
containing the PCM system compared to a baseline cell in lowering peak indoor air and surface
temperatures up to 6 °C. A relation was observed between the peak solar gain periods and the
PCM behavior during the melting and solidification processes. This paper shows the potential
of using PCMs as retrofit applications in highly glazed buildings by targeting specifically
annual LHTES with two melting temperatures in one zone in a continental climate.

KEYWORDS
Thermal energy storage, phase change materials, thermal comfort, test cell, building retrofit.

INTRODUCTION

The thermal discomfort in buildings implies higher reliance on mechanical systems to provide
a comfortable thermal environment. This is a critical issue considering the highest share of
energy use in buildings is for space conditioning (Berardi, 2017). This effect is specifically
important in buildings with high window to wall ratios (WWR) as they experience overheating
in the cooling season and extreme heat loss in the heating one. Meanwhile, newer high-rise
apartments in Canada often adopt transparent facades that are faced with high energy
consumption and thermal discomfort levels (Touchie et al., 2014; Bennet and O’Brien, 2017).

To improve the thermal environment of highly glazed apartments, passive latent heat thermal
energy storage (LHTES) has been considered through the incorporation of phase change
materials (PCMs) as a retrofit measure for interior surfaces of apartment units. PCMs stabilize
surface and indoor temperatures by undergoing a phase change at specific melting temperatures.
It is argued by Heim (2010) and Navarro et al. (2016) that the isothermal behavior of PCMs
allows for better surface temperature stabilization compared to traditionally high mass building
structures with sensible storage. The high thermal storage capacity of PCMs in small volumes
represents a main advantage of LHTES systems (Saffari et al., 2017).
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Thermophysical properties of PCMs such as melting temperature, latent heat, and specific heat
direct how PCMs affect the surface and indoor air temperatures. In particular, the melting
temperature of PCMs is the most influential parameter of a PCM, and must be compatible with
the environment and the climatic conditions the PCM is applied to (Cabeza et al., 2011, Kosny
et al., 2012). The integration of PCMs in the Canadian climate has been investigated by Chen
et al. (2014), Delcroix et al. (2017), Guarino et al. (2017) and Berardi and Soudian (2018)
showing good potential in both heating and cooling seasons. Nevertheless, optimizing PCMs to
operate for an entire year is difficult as PCMs with a melting point close to summer boundary
conditions do not operate in other seasons. Consequently, recent studies have suggested
optimizing PCMs for annual performance by using two or more melting temperatures in a
hybrid PCM system (Hoes and Hensen, 2015, Kheradmand et al., 2016).

The aim of this paper is to evaluate the benefits of integrating thin layers of PCMs as
unobtrusive retrofit measures to regulate indoor temperature swings. Considering the case
specific design and performance of PCMs in relation to climate, this research focuses on the
Canadian climate and looks at the annual thermal energy storage using a PCM system with two
melting points to address both heating and cooling seasons with different boundary conditions.

METHODS

The composite PCM system investigated in this study is comprised of two commercially
available PCM products with different melting temperatures as shown in Figure 1. The first
layer in the composite PCM system has a melting temperature of 25 °C and the second layer in
the system has a melting temperature of 21.7 °C, closer to winter boundary conditions. As
shown in Fig. 1, the high latent heat storage capacity of this composite PCM system in a small
thickness suggests a good potential for temperature stabilization in buildings. Both PCM
products used in the composite PCM system are individual boards attached to each other.

Figure 1. The composite PCM system (left) and temperature-enthalpy curves for the PCM
boards (right).

Quantifying the performance of PCMs is more accurate using experimental test methods
considering the simplifications of simulation modeling in calculating PCM behavior on a
material scale (Cabeza et al., 2015). Therefore, in this study, two small scale test cells were
constructed, one reference cell as a baseline and one cell with PCM-enhanced walls and ceiling.
Test cells were constructed to represent typical highly glazed apartment units on a scale of 1:10
with one glazed wall covering 80% of one wall with an overhang shading (Fig. 2). The
construction characteristics of the test cells are shown in Fig. 3.

The performance of the composite PCM system was assessed on a surface and room level

through a comparative analysis between the reference test cell and the PCM integrated test cell.
The main parameters of analysis were the rate of change in surfaces and room temperatures of
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the composite PCM test cell compared to the reference cell in relation to ambient weather and
solar gain variations. The experimental tests were conducted in Toronto under free floating
conditions from July to October (2016) to assess the effects of different weather variations on
the composite PCM’s performance.

Figure 2. Experimental test cells: the test cell on the right contains the investigated PCM system.

Figure 3. Construction characteristics of the experimental test cells.

RESULTS

Influence of solar gain on PCM performance

Figure 4a shows the indoor cell temperature variations in three days in July when the cells were
facing south. The temperature changes are attenuated in the composite PCM test cell and
overall, the air temperature swings are reduced by 6.8 °C. In particular, the effectiveness of the
composite system at night is significant in maintaining indoor temperatures. An apparent peak
temperature shifting of one hour happens in the composite PCM test cell. The maximum air
temperature is shifted to later afternoon due to thermal lag in the composite PCM test cell. By
rotating the test cells towards west, significant changes are observed as demonstrated in Fig.
4b. Unlike the south facing orientation, the highest temperatures in the test cells occur close to
the sunset period from 5 to 7 pm when the benefits of PCM system also become more evident.

Figure 4. Hourly indoor room temperatures; a) South orientation — b) West orientation.
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To further assess the influence of solar gain on the PCM performance, the shading part of the
cells were removed to allow more solar radiation to get into the cells for one week in October.
The reference test cell showed high dependence on outdoor weather conditions ultimately
leading to average colder indoor air temperatures. Whereas, in the composite PCM test cell,
indoor air temperatures were constantly above the outdoor temperatures. Removing the shading
negatively affected PCMs performance in reducing excessive heat gain in the spaces. Figure 5
shows that by removing the shading, indoor air temperatures in the composite PCM test cell
increased by 11 °C in the peak solar period in the south facing orientation. This sharp increase
in the indoor air of the test cell is due to the sensible heat gain after the PCMs are melted.

Figure 5. Hourly indoor room temperature variations from October 8th -10™,

Performance of PCM integrated surfaces

One side wall and the ceiling in the two test cells were simultaneously monitored. The primary
parameter of analysis was the difference between the wall and ceiling surface temperature
changes in relation to the room temperature. The hourly surface temperatures in the composite
PCM wall show a faster response to ambient and indoor room temperature variations compared
to the ceiling surface temperature changes. During the day, the wall heats up more rapidly, and
at night, it loses heat faster as temperatures decrease compared to the composite PCM ceiling.

Figure 6. Hourly indoor air and surface temperature variations on wall (a) and ceiling (b)

Figure 6 shows hourly room (T.) and surface temperature (Ts) variations in three consecutive
days in September. Without PCMs, the indoor room temperatures of the reference cell show a
close proximity to the reference wall and the ceiling’s surface temperatures particularly in
maximum peak periods in the day. Conversely, a gap is observed between the indoor air in the
composite PCM cell and the composite PCM surface temperatures.
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DISCUSSION

The focus in this study was to assess the impact of solar gain and ambient weather variations
on PCM performance. The experimental results demonstrated that the impact of ambient
weather is more significant as temperature variations control the entire transition of the
composite PCM system during the day. Nevertheless, the exposure to solar radiation enhance
the melting process periodically, specifically at times of highest solar intensity.

To better explain the impact of ambient weather on PCM performance, average data in the
testing period are compared in Table 4. The trend of outdoor temperature variations and PCM
activation points to the highest percentage of PCM being activated in July. Correspondingly in
July, the composite PCM system reduced the indoor temperature swings and high peak
temperatures significantly compared to other months. The benefit of a hybrid PCM system is
evident as during the summer the Energain PCM is mostly in liquid form where in contrast, the
BioPCM is often in the solid state during the fall.

Table 1. Summary of the impact of the composite PCM on indoor air temperatures.

Avir_agf Decrease  Increase = Decrease in Frequency of PCM activation
csnmdiiiecr)lns Of Tonax of Tmin  temperature PCM Solid  Phase . 4
(°C) (%) (%) swings (%) Layer oM change MM
BioPCM  29% 28% 43%
- 0, ") 0,
July 19.2-31.1 6% 18% 46% Energain 6% 30% 64%
BioPCM 7% 18% 74%
- 0, 0, [}
August 19.9-35.7 4% 16% 37% Energain 0% 9% 91%
BioPCM  57% 18% 25%
— 0, 0, 0,
September  15.2 -31.1 6% 19% 35% Energain  41% 21% 38%
October 11.2-25.6 1% 24% 18% BioPCM  86% 7% 6%

The relation of solar gain to PCM performance on surfaces and their influence on indoor air
temperatures showed that in addition to peak temperature reductions, peak temperature shifting
is another benefit of applying PCMs to highly glazed rooms. Similar observations were made
by Kosny et al. (2012), showing that low peak temperatures were shifted to early morning and
high peak temperatures in some instances were shifted to later evenings. However, in this study,
it was discussed that the latter observations are relative to the orientation. Further testing on the
factor of shading showed that due to lower temperatures, the availability of solar radiation was
more important in the fall to ensure the activation of the PCMs, whereas in summer, the shading
would be beneficial.

CONCLUSIONS

The performance of a composite PCM system proposed for annual thermal energy storage for
retrofit applications in high-rise residential buildings in the climate of Toronto was investigated
using experimental test cells for four months. The capability of the composite PCM system was
clearly displayed as each PCM targeted the fall and summer months as expected. In conclusion,
PCM systems constituted by two or more PCM products with different melting points offered
potential in becoming a more prominent approach for PCM application in buildings, particularly
in continental climates such as Toronto which undergo different weather patterns during the
year. This research has shown that with an addition of layer only 2 cm thick of PCMs to interior
surfaces, the temperature extremes could be significantly reduced.
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ABSTRACT

The societal demands on a more energy efficient building stock in Sweden creates challenges
to find suitable retrofitting measures. One of the measures currently discussed is to use interior
insulation. This measure leads to a reduced temperature in the wall, which increases the risk for
elevated moisture levels in the wall. When the thickness of the insulation layer is limited, super
insulation materials (SIM) may be used. SIM can be divided into advanced porous materials,
such as aerogel blankets (AB), and vacuum insulation panels (VIP). Often moisture from the
outside is the major moisture source why a solution may be to apply a water repellent substance
on the surface. A previous study showed that it is difficult to predict all the uncertainties in the
laboratory using hygrothermal numerical simulations. This paper presents the design of a field
investigation of a homogenous brick wall where AB and VIP are installed as interior insulation.

KEYWORDS
Listed building, brick wall, interior insulation, super insulation material, moisture

INTRODUCTION

The demands on a more energy efficient building stock in Sweden creates challenges to find
suitable retrofitting measures. Around 25% or the energy use in buildings in Sweden is used in
buildings from before 1941. Out of these buildings many are built in brick masonry and have
not been renovated before, which means they are practically non-insulated. The energy use in
these buildings can be reduced by adding insulation to the walls. The conventional thermal
insulation materials, such as fiber glass and EPS, often demand a thick layer of insulation to
reach the energy targets. Super insulation materials (SIM) are thermal insulation components
with a 2-10 times higher thermal resistance than the conventional insulation materials. The
thermal transmittance (U-value) of the building envelope can thereby be substantially reduced
using a limited additional insulation thickness.

Additional insulation can be added either to the interior or exterior side of a wall. Exterior
insulation is preferred since the hygrothermal performance of the wall is in many cases
improved compared to interior insulation. Interior insulation leads to a reduced temperature in
the wall which increases the risk for elevated moisture levels in the wall (Kiinzel, 1998). Also,
internal connections, such as intermediate floor beams, make it difficult to reach a continuous
layer of insulation, thus resulting in large thermal bridges. Earlier research has shown that
interior insulation decreases the drying-out capacity of the wall and thereby increases the risk
for freeze-thaw damages in brick walls. In older brick constructions there is risk for frost
damage when they are exposed to driving rain and fluctuating temperatures. Internal insulation
can increase the risk of structural damages even more (Mensinga et al., 2010).

Often moisture from the outside is the major moisture source. Consequently, one solution may
be to apply a water repellent substance on the surface. This measure leads to less moisture into
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the construction (Sandin, 2003). There are several different impregnations available which can
be applied to the surface of the fagade. However, for brick masonry it is important to make sure
that the surface is free from cracks and other defects. Otherwise, the impregnation can have
adverse effect on the performance of the fagade, since the drying out capacity is decreased while
water can still enter the cracks. Slape et al. (2017) tested four different impregnations on a brick
wall with fresh mortar. They recommend great care when using the substances on brick walls
in areas with much driving rain and frequent freeze-thaw cycles.

This paper presents results from a laboratory study of a brick wall and the first results from a
field investigation of a homogenous brick wall insulated on the interior. Hygrothermal
simulations in WUFI 2D were used to predict the hygrothermal performance for different
designs. Previous studies have shown that it is difficult to predict the real performance of full-
scale wall assemblies in the laboratory. For instance it is not possible to replicate old brick
masonry walls in the laboratory and the climate is difficult to simulate (Johansson et al., 2014a).
This calls for investigations in the field. Here, an old industrial brick building located in a cold
and moist climate was selected where aerogel blankets (AB) and vacuum insulation panels
(VIP) were installed as interior insulation. There were challenges to implement the internal
insulation in the building. One of these was the ground water rising in the brick masonry which
had to be taken into account.

INTERNAL INSULATION WITH SUPER INSULATION MATERIALS

When the thickness of the insulation layer is limited, SIM may be used. Two examples of SIM
are AB and VIP, see Figure 1. VIP are rigid panels which cannot be cut on site and are sensitive
to puncturing. Therefore, attention has to be paid in the design of details and envelope
components. AB are more similar to conventional fiber-based insulation materials. They can be
cut at the construction site and adapted to the specific measurements. VIP were first tested in
buildings in the early 1990s which were later followed by several case studies both in laboratory
and in the field. AB have been installed in various building assemblies since the early 2000s
(Adl-Zarrabi & Johansson, 2018).

a) b)
Figure 1. Super insulation materials; a) aerogel blanket (AB), b) vacuum insulation panel (VIP).

Among the important material properties for building materials are thermal conductivity, heat
capacity and vapor diffusion resistance. The hygrothermal properties for AB and VIP differ
subtantially. The thermal conductivity of AB is 0.015-0.020 W/(m-K) and 0.002-
0.008 W/(m-K) for VIP (Heinemann, 2018). The vapor diffusion resistance of AB is around
4=5 which is a factor five higher than mineral wool. The blankets are coated with a water
repellent substance which reduce the liquid water transfer. The VIP on the other hand, are
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wrapped in an air and moisture tight metallized multi-layered polymer laminate which gives a
vapor and liquid water transfer only at the edges between the VIP (Johansson et al., 2014b).

NUMERICAL SIMULATION AND LABORATORY STUDY RESULTS

Up until the early 1900s, hydraulic lime mortars were used in brick masonry buildings in
Sweden. These have large tolerances to movements caused by temperature and moisture
fluctuations, while one of the disadvantages is the longer curing time compared to mixtures of
lime and cement mortar. In a previous numerical study to design a laboratory study (Johansson
et al., 2014a), a mortar with a short curing and adhesion time, but with similar hygrothermal
properties as the hydraulic lime mortar, was desired. To resemble the properties of an old brick
wall it was also important to use a brick and mortar similar to what was used in Sweden during
this time period. It was shown that the moisture content in the wall was highly influenced by
the properties of the brick and mortar. The time before the walls were saturated differed with a
factor of 6 between the least and most permeable bricks while the type of mortar influenced the
drying of the wall. The mortar giving the lowest drying rate was the pure cement mortar while
the mixture of lime and cement gave a lower drying rate than pure lime mortar.

In the numerical study, a historical brick was investigated with a thickness of 250 mm and a
10 mm thick layer of fine lime cement mortar between the bricks (Johansson et al., 2014a). On
the interior of the bricks, 4 cases were simulated:

1) reference wall without insulation (h = 8 W/(m?-K), sa = 0.2 m),

2) vapor barrier (high performing) on the interior (h = 8 W/(m?-K), sa = 1 500 m),

3) 60 mm AB (h = 0.242 W/(m*-K), sa = 0.2 m),

4) 20 mm VIP (moisture resistance as vapor barrier) (h = 0.242 W/(m?-K), sa = 1 500 m).

The initial conditions of the materials were 20°C and 50% RH and the interior climate was 20°C
and 40% RH. The exterior climate was based on the HAMSTAD benchmark with an exterior
surface heat transfer coefficient of 25 W/(m?-K) and a wind dependent vapor surface transfer
coefficient. The walls were well protected with a rain water absorption factor of 0.1, i.e. a small
amount of rain was available for capillary absorption assuming that the remaining water runs
down the facade or splashes off at impact. The results from the one-dimensional numerical
simulations of the four cases are shown in Figure 2.

100 = 40
! &
:\? 90 g 35 —4.20 mm VIP
S 230
5 80 ;E, 25 N —3.60 mm AB
E 7 £20
ﬁ [z} 15 2. Vapor barrier
2 60 g
® 210 -
& 50 g 5 —1. Original wall
s )
40 0
0123456 0123 45@6
a) Number of weeks b) Number of weeks

Figure 2. a) Numerically simulated RH 60 mm from the interior of the brick. b) Numerically
simulated moisture content in a 250 mm thick wall (adapted from (Johansson et al., 2014a)).
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Adding a vapor barrier to the interior of the brick wall does not change the total moisture content
in the wall compared to the case without the vapor barrier. However, at the location 60 mm
from the interior surface of the brick, the RH is higher than without the vapor barrier. This is
caused by the restricted drying from the interior surface of the wall. In the two walls with a
layer of interior insulation, both the RH and the moisture content increases compared to the
case without interior insulation. The wall with the vapor open insulation has a slightly lower
RH and moisture content than the wall with VIP. The main part of the vapor and water flow in
the wall is caused by the rain on the exterior surface. Thus, the indoor moisture load is of minor
importance for the conditions studied here.

Based on the results above, a brick wall was built in the laboratory of NTNU and SINTEF
Building and Infrastructure in Trondheim, Norway. The wall was tested in a large-scale building
envelope climate simulator where it was exposed to a temperature gradient and cycling climate
with driving rain. The wall was first tested with 20 mm VIP on the interior and then without
any layer on the interior side. The wall was divided in two parts (upper and lower) by a
horizontal ledge made by a rubber strip to stop liquid water from being transported along the
wall. Even though the temperature in the wall was lower in the case with interior VIP, the RH
in the upper part of the wall increased more in the wall without VIP. For the lower part of the
wall, the RH increased slower on the interior surface of the brick during the first few days, but
was then equal to in the middle of the wall. The time before all sensors reached 100% was 180
h for the wall with interior VIP and 170 h for the wall without VIP.
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Figure 3. Measured moisture content: a) with VIP in the upper and lower parts of the wall. b)
without VIP in the upper and lower parts of the wall. The sensors were located in the mortar in
the middle of the wall (S1b-S4b) and in the mortar on the interior surface of the brick (S1a-S4a)
(adapted from (Johansson et al., 2014a)).

CASE STUDY BUILDING

An old industrial brick building south of Gothenburg on the Swedish west-coast is under initial
testing for evaluation of AB and VIP on the interior of the wall. The building was constructed
in 1896 and has been reconstructed several times since then. The case study building was used
for paper production which was in operation until the paper mill was closed in 2005. Left
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deserted, the building was vandalized and degraded rapidly due to the cold and humid climate.
The remaining heritage values and character defining elements of the building have been
evaluated and one of the features that are considered important is the brick facade. Therefore,
interior insulation is thought to be an interesting solution to reach sufficient energy
performance. A small room was constructed inside the building with insulated (170 mm mineral
wool) floor, walls and roof and the exposed brick wall, see Figure 4.
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Figure 4. a) Industrial building from 1896 in south of Gothenburg, b) Sensors (marked with
arrows) in the brick in the plastered brick wall, ¢) The test room with installed VIP and AB
(removable for inspection of the wall).

Prior to the installation of the internal insulation, the existing plaster was removed from the
interior brick surface. There was substantial capillary suction from the ground. The initial
measurements showed that the rate of water flow in the bricks is approximately three times
higher than that in modern bricks. The room on the inside of the brick wall was heated to around
22°C and ventilated by natural ventilation through two openings. The air in the room was
circulated by a fan to create homogenous temperature and moisture conditions in the entire
room. The temperature and relative humidity of the air is measured by three sensors. The
measurement accuracy is +2.5% for relative humidity in the range of 10 to 90% and +0.5°C for
temperature at 25°C. The temperature can be measured between -40 to 85°C (GE Sensing,
2007). A weather station monitors the outdoor temperature, relative humidity, wind speed and
rain intensity on a free field, nearby the facade.

The brick wall is divided into three parts (500 x 1,200 mm) where AB and VIP is tested and
compared to a non-insulated reference. The wall is equipped with 10 hygrothermal sensors that
every hour register the temperature and relative humidity. The sensors are wireless Sahlén
sensors (wood moisture sensors) which measure the weight percentage moisture in a piece of
birch around the sensor. The measurement range corresponds to 60% to 100% RH. The size of
the sensors is 40 mm x 13 mm (height x diameter), inserted in a 15 mm wide hole in the wall.

In the field study building, the temperature and relative humidity were measured during 20
December, 2017, to 29 January, 2018. The temperature was on average 4.1°C and varied
between 0.9°C and 9.5°C. The relative humidity was on average 92.8% and varied between
66.7% and 100%. This can be compared to the outdoor temperature and relative humidity in a
nearby weather station which was on average 3.0°C and 87% relative humidity. The outdoor
temperature varied between -7.9°C and 10.0°C and the relative humidity varied between 48.0%
and 100%. This gives a moisture excess of 0.8 g/m* in the building. The moist and cold climate
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give several challenges for the application of internal insulation in the field study building.
Consequently, the installation of the AB and the VIP was delayed until mid-June, 2018.

CONCLUSIONS

A brick wall was insulated on the interior with AB and VIP to evaluate the hygrothermal
performance before and after this measure. In a previous study, hygrothermal numerical
simulations and laboratory measurements showed that it is important to investigate the amount
of moisture from driving rain. The properties of the interior insulation material showed to have
a lesser influence on the moisture accumulation rate. The rain load was the dominating factor
determining the vapor and water transport in the wall. Having the possibility of inward drying
lowered the moisture accumulation rate slightly. However, during dry periods with less rain,
the VIP reduce the drying capacity of the moisture in the brick. In the end it was difficult to
predict all the uncertainties in the laboratory measurements using the hygrothermal numerical
simulations. This calls for field investigations.
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ABSTRACT

The present paper describes a new high-performance coating used for the retrofit of existing
glazing systems. The easy application of this new coating on the internal side of the glazing
makes possible to reduce quickly the solar heat gain coefficient of an existing window. A full
laboratory characterization both from the thermal and light transmissibility point of views is
presented. Moreover, the paper reports the results of long-term studies aiming at assessing the
risks of aging and related performance reductions for the investigate coating.

KEYWORDS
Glazing coating; light transmissibility; window retrofit; high-performance window.

INTRODUCTION

The heat flow across a window assembly results by a combination of different heat transfer
modes. In particular, two distinct types of radiation heat transfer take place: long-wave
radiation heat transfer in the range from 3 to 50 microns (3000-50.000 nm), and short-wave
radiation heat transfer in the range from 0.3 to 2.5 micron (300-2500 nm). The short-wave
range includes the ultraviolet, visible (from 380 nm to 780 nm), and solar-infrared radiation.
Common glass is transparent to solar-infrared radiation and it is opaque to long-wave infrared
radiation. Strategic utilization of this behavior may allow to realize high-performance glazing.
In fact, even though the physical process of heat radiation transfer is the same, there is no
overlap in the heat transfer at long-wave radiation and short-wave radiation, and so the glass
properties may be modified, adding coatings or through glass treatments.

The properties of glazing that affect the radiant energy transfer are the transmittance,
reflectance, and emittance. These properties are generally expressed using three coefficients:

e Light Transmittance, which refers to the percentage of radiation that can pass through a
glazing. In particular, the Visible Transmittance (VT) indicates the amount of visible light
transmitted through the glass, i.e. the transmittance in the range from 380 nm to 780 nm;

e Solar Heat Gain Coefficient (SHGC), ruling the ability to control the heat gain by direct or
indirect solar radiation, and hence a significant factor in determining the cooling and
heating load of a building;

e U-factor (U-value), assessing the heat lost or gained by the combined effects of conduction,
convection, and radiation.

Figure 1 helps to understand how ideally a glazing system should behave in different climates
or for different building loads. Building envelope specialists typically target high
transmittance in the visible range and aim to control the rest of the spectrum in different ways:
o [f low solar heat gains are preferred, the glazing should have a treatment (typically a low-E
coating) designed to transmit the visible light and reflect the solar-infrared radiation;
o If high solar heat gains are preferred, the idealized transmittance of a glazing should be
such that the visible light and solar-infrared radiation are both transmitted.
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Figure 1. Ideal spectral transmittance: 1 for low-solar heat gains and 2 for high-solar heat
gains.

With the recent advances in glazing technology, manufacturers can control how a glazing
behaves in the different portions of the spectrum. For example, a window optimized for
daylighting and for reducing overall solar heat gains should transmit light in the visible
portion of the spectrum, while excluding heat gains from the near-infrared part of it.

Coatings may control the passage of long-wave solar radiation, through transmission and/or
reflection. In the past, windows that reduced the solar gain (with tints or coatings) also
reduced the visible transmittance. However, new high-performance tinted glass and low-solar-
gain low-E coatings have made possible to reduce the solar heat gain with little reduction in
the visible transmittance. This paper aims to present several tests done on single glazing and
IGUs which were coated with a new product designed to be used for retrofit applications.

GLAZING COATING TRENDS

With conventional clear glazing, a significant amount of solar radiation passes through the
windows; then, the heat radiated from internal surfaces within a space is radiated back
towards the glass and from this to the outside. A glazing design for maximizing energy
efficiency during the heating period should allow the solar spectrum to pass through, and
should block the re-radiation of heat from the inside of the space (Rezaei et al., 2017).

Spectrally selective coatings, which act in specific portions of the spectrum, transmit the
desirable wavelengths and reflect the rest. A coated glazing material can hence be designed to
control (and optimize) the solar heating gain, daylighting, and cooling demand. Originally, the
first low-E coatings, intended mainly for residential applications, were designed to have a
high solar heat gain coefficient and a high visible transmittance to allow the maximum
amount of sunlight into the interior. A glazing designed to minimize the (summer) heat gains,
but to maximize the Visible Transmittance for daylighting purposes, would allow most visible
light through, but would block all other portions of the solar spectrum, including the
ultraviolet and near-infrared radiation, as well as the long-wave heat radiated from outside
objects. These new low-E coatings which still allow to obtain a low U-factor, are designed to
reflect the solar near-infrared radiation, thus reduce the total SHGC, while provide high
Visible Transmittance (Fig.2).
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Figure 2. Sunlight transmitted by a clear glass with different coatings.

METHODOLOGY

A new coating (SNG) intended for window retrofit was investigated in this paper. This
coating is composed of n-Butyl-acetate, Ethylene glycol monobutyl acetate, and 1-Methoxy-
2-propanol acetate. For this study, the following samples were prepared: single glasses with a
thickness of 3, 6, and 8 mm both clear and treated with the new SNG coating; insulating glass
units (IGUs) clear, treated with a low-e coating, treated with the new coating, and treated with
both a low-E coating and the new coating. The IGUs which had both a low-E coating and the
SNG coating were realized with the coatings on the same glass (in positions #3 and #4
respectively) and on different glasses (in positions #2 and #4 respectively). The coating was
applied with a special custom 6” high density foam rollers. The applied product was in the
range of 25 grams of products per square meter. The thickness of the cured product was 8-10
microns. The product hardened in 2-4 hours (depending on the curing environment).

The intent of the study was to investigate the following properties: solar transmittance; visible
transmittance (VT); UV transmittance; solar heat gains coefficient (SHGC); U-factor; and
aging effects for exposure to extreme temperature and UV.

In order to determine the light transmittance, a spectrophotometer VARIAN CARY 5000 was
used. This equipment makes possible to record the light passing through a glass between 190
nm and 3300 nm. The measurements were done at 5 nm intervals. Below the results will be
shown only from 300 nm to 2500 nm, where the accuracy of the equipment is higher.

In order to predict the long-term performance, a series of accelerated aging tests was
performed. Like any building material, which needs constant performance while being subject
to weathering events, the thermal conductivity and light transmissibility of the glazing were
tested after exposing the samples to various environmental loads designed to make sure the
coating still performed as expected. Accelerated tests were performed at elevated temperature,
extreme temperature fluctuations (freeze-thaw cycles), and combining UV exposure with high
temperatures and relative humidity levels, following the methodology presented in previous
studies (Berardi an Nosrati, 2018).

The samples were placed in several types of accelerated aging equipment and their long-term
behaviour was assessed after an age acceleration equivalent to 10 years in natural outdoor
conditions. The aging conditions included both thermal cycling aging (freeze-thaw cycles)
and UV exposure aging. To investigate the durability of the different glazing against
weathering caused by temperature, moisture, and UV light exposure, the effects of these
factors were studied in the QUV accelerated weathering tester by Q-LAB Corp using the
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cycle based on ASTM G154 standard (2016). Each cycle consisted of 8 hours of UV radiation
at 60 °C black panel temperature, and 4 hours of condensation at 50 °C (Fig.3).

Figure 3. QUV accelerated weathering tester for studying the effects of temperature, moisture,
and UV light exposure.

RESULTS

Figure 4 shows the light transmittance through a 6 mm clear glass and through the same 6 mm
glass treated wi