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ABSTRACT

An Experimental and Numerical Study of the Influence of Room Factors
and Hygroscopic Material of Wood Paneling on the Indoor Environment

Yang Li, PhD
Concordia University, 2011

Moisture level inside buildings is a key factor influencing the durability of construction,
indoor air quality, living comfort, and energy consumption. Previous studies found that
this level was related to the room factors including moisture loads and ventilation
conditions and to the moisture ab/desorption capacity of hygroscopic material utilized
in interior of the building. The phenomenon of the indoor humidity level influenced by
the dynamic moisture interaction process between hygroscopic material and indoor air
has been recognized as moisture buffering effect. Some materials’ buffering properties
at the material level have been intensively measured. However, there has not been
enough information and testing standard for evaluating material buffering performance
at the room level. Meanwhile, the material buffering properties may not be directly
representative of the material buffering performance at the room level because the
moisture buffering effects are influenced by room factors. This thesis reports on an
experimental investigation of the impact of room factors on moisture buffering
performance of wood paneling utilized as inner layer of the wall assembly and on the
study of the indoor humidity level influenced by room factors and moisture buffering
effect of the hygroscopic material. The experimental study presents the moisture
responses of wood paneling by moisture ab/desorption kinetic curves, and finds that the

buffering effect caused by hygroscopic material is related to not only the buffering



performance of the material but also to the characteristics of the building structure.
Under the experimental test conditions, the room characteristics can cause up to 8%

variation in RH levels and wood paneling can moderate these variations by up to 30%.

The experimental results showed that to predict indoor humidity levels, the moisture
interaction between the wood paneling and indoor air was not negligible, and the room
factors dominated the variation of the indoor environment. To further investigate the
indoor humidity level influenced by room factors that could not be studied in the
experiment and to explain the influences by the mechanisms of HAM transport, a
numerical model that coupled the governing equations of momentum, heat, and
moisture transport in whole building simulation domain was established. This model
which took into account the heat/moisture interaction between indoor air and envelope
overcomes the limitations existing in currently available numerical models of coupling
moisture transport in the building envelope with indoor CFD simulation and has great
application potential in whole building HAM transport studies. The application of this
model presented in this thesis includes the investigation of the indoor environment
influenced by moisture loads and ventilation designs, the heat/moisture transport

through wall system, and the potential damage caused by moisture.
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CHAPTER 1
INTRODUCTION

1.1 Background

Moisture level inside buildings is a key factor influencing the durability of construction,
indoor air quality, living comfort, and energy consumption. Studies have shown that
when relative humidity at a surface reaches 70 percent or higher, the problems with
mold, corrosion, decay and other moisture related deterioration occur (Lstiburek, 2002).
Water and moisture can cause structural damage, reduce the thermal resistance of
building materials, change the physical properties of materials, and deform materials
(Kalamees, 2006). On the other hand, low humidity levels can cause static electricity, dry
skin and hair, and itching and chapping, increasing human discomfort and susceptibility
to cold and respiratory illness. Keeping an appropriate room humidity level is important
in maintaining a healthy indoor environment for both human comfort and building

durability.

The indoor humidity level is the result of the dynamic moisture balance among the
moisture gain, moisture loss, and moisture storage inside buildings. There are many

large and comprehensive projects at the national and international levels studying the



moisture transport and balance of moisture, both experimentally and numerically. Some

of them, related to this thesis research, are briefly introduced.

Moisture Management for Exterior Wall Systems (MEWS) was a four-year project that
brought together researchers from IRC's Building Envelope and Structural Program and
11 industry partners. The MEWS methodology offered a way for stakeholders in the
building envelope industry to evaluate the ability of building components and systems
to manage moisture in any geographic location in North America. The research
approach was three-fold: field characterization of wall assemblies, laboratory
experimentation on materials and components, and mathematical modeling for
prediction of long-term performance under many sets of conditions (Kumaran et al.,
2003). The hygrothermal properties of several building materials commonly used in

North American were obtained by the project lab tests.

In the 1990s, moisture damages to building envelope occurred in several dramatic
envelope failure cases in the North America, such as the leaky Vancouver condos, North
Carolina EIFS housing units, and Seattle leaky homes. In order to provide proper design
guidelines to avoid these problems, the Collaborative Research and Development (CRD)
project on the experimental evaluation of hygrothermal performance of building
envelope systems was carried out at Concordia between 2003 and 2008 (Fazio et al.,
2007; Alturkistani et al., 2008; Li et al., 2008). This research provided a uniform,

measurable and sustaining moisture source in the test, and its mapping methodology



established the DEI (Drying by Evaporation Index) by identifying the correlation between
the evaporation rate and the amount of moisture leaving the cavity (Alturkistani et al.,
2008). An advanced simulation tool, HAM-BE, was developed to investigate the
hygrothermal performance of building envelopes tested in this experiment (Li et al.,
2008). This project established a new testing method for evaluating and ranking the

performance of different envelope systems (Fazio et al., 2009).

In 2001, the European Commission initiated the project “HAMSTAD” (Heat Air and
Moisture Standard Development) to focus on the development of draft standardization
procedures on determination methods of moisture transfer properties and a draft
methodology for certification of advanced moisture modeling codes (Adan et al., 2004).
HAMSTAD included some of the comprehensive projects for developing numerical
simulation of heat, air and moisture (HAM) transport in building envelopes. The
simulation tools such as DELPHIN, HAM-tools, and TRNSYS ITT were developed. Some of
the partners who carried out this project later participated in the Annex 41 tasks of

modeling and common exercises.

As moisture studies moved from components to whole building consideration, a better
knowledge of the whole building HAM balance and its effects on the indoor
environment, energy consumption for heating and cooling, air (de)humidification and
construction durability was needed. This search for a better understanding of the HAM

balance was the driving force behind the Annex 41 program of the International Energy



Agency (IEA) from 2004 to 2008. Annex 41 had two main objectives: 1) to carry out a
detailed exploration of the complex physics involved in whole building HAM response;
2) to perform analysis of the effects of the whole building HAM response on the
comfort, enclosure durability and energy consumption (Roels, 2008). In the research
program of Annex 41, whole building HAM research methodologies in the modeling
principles, experimental investigations, long term performance and technology transfer

were proposed and developed.

1.2 Influence of hygroscopic materials on Indoor environment

The indoor environment is influenced by several factors, such as moisture and heat
source, ventilation conditions, and the existence of hygrothermal materials. In Annex
41, one important concept about the influence of the materials is the moisture buffering
effect. The moisture buffer effect of a room is the capacity of the materials within the
room to moderate variations in the relative humidity (Rode et al., 2005). On one hand,
moisture buffering provides a passive way to dampen the fluctuations of indoor
humidity and temperature, which may be utilized as a way of adjusting indoor condition
and saving energy; on the other hand, the buffering phenomenon is a dynamic process
of moisture absorbed/desorbed by the envelope materials between indoor and outdoor
environment. This transport process involves complex heat, air and moisture responses.
The study of moisture buffering helps to understand the complex mechanisms involved

in the durability for the building envelope and to provide solutions to envelope failures.



Svennberg et al. (2007) stated that the interest in moisture buffering was not a new
issue and they presented a review of such early studies on indoor surface materials from
Germany and Sweden. However, it was Annex 41 that first systemically summarized and
studied this phenomenon. Rode et al. (2005) described moisture buffering effects at the
material level, system level, and room level. The material level was the traditional
moisture properties, i.e. the slope of the sorption isotherm. The system level buffering
was about the "moisture buffering capacity". The practical Moisture Buffer Value (MBV)
was proposed to determine the buffering capacity of the material. This value was
mainly, but not only a property of the material because mass transfer coefficient at the
boundary had to be considered. The MBV of several materials samples were measured
by Round Robin tests conducted by four universities and research institutes that
participated in Annex 41. Agreements in MBVs of some materials were obtained. The
room level included the buffering effects caused by the building and furnishing materials
exposed to the indoor air and the room factors such as moisture load, ventilation rate
and indoor climate. Saito (20053, b), Ojanen and Salonvaara (2004), and Svennberg et al.
(2004) studied room level buffering effects in field tests, in large scale climate chamber
lab tests, and in fully furnished room tests respectively where different ventilation rates
and envelope materials were employed. Fazio et al. (2007) performed full-scale tests to
evaluate the impact of five parameters on moisture buffering effect, including moisture
load, distribution of indoor environment, condition of moisture generation rate, and

hygric properties of surface materials.



A number of whole-building HAM tools were evaluated and benchmarked during Annex
41. BSim, Clim2000, DELPHIN4, Energy Plus, ESP-r, HAMLab, TRANSYS, and WUFI Plus
were well known software for the analysis of indoor climate, energy consumption,
humidity balance, and/or moisture airborne transport, condensation, and evaporation.
Even though some of these existing tools included vapor advection in the air, they did
not take into account the vapor mass transfer at the interface between air and building
envelope (Woloszyn & Rode 2008b). To obtain detailed information of air flows in
buildings and hygrothermal transport through building components, CFD has been
combined with the HAM response simulation. Erriguible et al. (2006) modeled 2D
convective drying of a porous material with the air flow at the material boundary
calculated by a CFD model. Neale (2007) developed a coupled numerical model using
CFD simulation in Fluent to determine the heat and moisture transfer coefficients
between air and porous material for the HAM simulation in MATLAB. Steeman et al.
(2009a) coupled CFD and effective penetration depth (EPD) model to investigate the
effect of the assumption of the well-mixed air on the prediction of the indoor

temperature and relative humidity and on the hygrothermal behavior of the walls.

1.3 Motivation, objective and approach

The indoor environment study is the fundamental of “whole building” research for the
purpose of establishing sustainable buildings and communities. The increasing climate
change concern requires building scientists and engineers to find ways to reduce energy

consumption and green house gas emissions associated with the use of active HVAC
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systems while keeping appropriate indoor conditions. The moisture buffering effects of
interior finishing materials of building envelopes have been recognized as a passive way
to assist in moderating indoor conditions. In many residential buildings, where only the
natural ventilation is available, moisture buffering is an important factor in affecting
indoor environment change. In order to predict and utilize the moisture buffering effect,
buffering performance of the hygrothermal materials within buildings at the room level
must be known. The material’s buffering properties at material level have been
intensively measured and calculated in experimental studies. However, there is not
enough information and testing standard for evaluating material buffering performance
at room level. Meanwhile, the material buffering properties may not be directly
representative of the material buffering performance at room level because the
moisture buffering effects are influenced by room factors such as ventilation conditions,
indoor humidity and temperature profiles, and indoor environment initial conditions. To
establish reliably the link between the characterization and quantification of the
moisture buffering of the interior finishing and furnishing, the moisture buffering
performance of these materials at room level needs to be measured experimentally. The
relationship between the buffering effects caused by the hygroscopic materials and

their hygroscopic performances needs to be found.

In the aspect of simulation, numerical studies have advanced the state of the art in
whole building heat, air and moisture response studies. CFD has the advantage to

investigate the indoor air movements, the local information of the temperature and



moisture distribution. But currently, the HAM simulation of CFD taking into account the
moisture interaction between indoor air and envelope is achieved through the third
party programming. This may limit the application of CFD modeling due to the
assumptions by the programming party and its limited extendibility to fit new simulation
conditions. To simulate the indoor environment change under given moisture loads and
to explain how the air movement caused by buoyancy forces and ventilations influences
indoor temperatures and humidity levels, the CFD modeling to couple the momentum,
heat, and moisture in whole building domain including indoor air and wall systems are

highly desirable.

The aim of this thesis research is to develop a methodology and carry out a full scale
experiment to measure the buffering response of wood material in various room
conditions, and to develop a coupled CFD model taking into account the heat and
moisture transfer through the wall system to simulate the indoor environment changes

under different moisture loads and ventilation conditions. The objectives include:

e To obtain an understanding of the nature of moisture buffering at the room
level. With the better understanding comes the opportunity of a better
prediction on how moisture buffering affects the indoor condition, and how to
maximally use these effects in certain design consideration.

e To develop an experimental method to calculate the interior wall surface
moisture buffering effect by measuring the RH&T distribution difference

between non-hygroscopic and hygroscopic tests.



e To investigate moisture responses of wood paneling at room level and study the
performance influenced by the room factors including ventilation conditions,
moisture loads, and indoor environments.

e To analyze the relationship of the moisture buffering effect to the test room
caused by wood paneling and its hygroscopic performances at room level.

e To develop a numerical model coupling the momentum, heat, and mass transfer
inside room and through envelope in a single simulation environment.

e To study the indoor environment influenced by different ventilation strategies
and to investigate the potential damage caused by high humidity levels by using
the coupling model.

e To find out the main factors dominating the heat and moisture fluxes in the wall
system under mixed convection condition of the indoor environment through

the numerical investigation.

A combination of experimental measurements, calculations and numerical simulations

are utilized as an approach to accomplish the above goals set for this thesis research.

The experimental investigation on the buffering effects of wood paneling at room level
was carried out inside the Environmental Chamber at Concordia University by taking
advantage of the existing test hut, data acquisition system, installed sensors, and sensor
calibrations for the test room and inside walls. These test facilities had been previously

used in the sub-project of Annex 41 conducted by PhD students Sergio Vera and Xiangjin



Yang under the supervision of Prof. Fazio and were supported by a number of
technicians, outside construction workers, co-op students, and Dr. Jiwu Rao. In that sub-
project, the moisture transport in the two-story test hut and the indoor conditions
influenced by different hygrothermal materials and furniture were investigated. To
study the moisture buffering performance of wood paneling at room level, the wood
paneling installed at the interior of the first floor room of this two-story test hut as well
as the sensors embedded inside the wall system were adopted in this thesis
experimental tests. The wood paneling was subjected to controlled moisture loads
applied in different amounts and schedules, with varied forced convection, ventilated
and non-ventilated indoor condition, and with cold outside environment. The
temperature and relative humidity changed in the test room, at the inlet and outlet of
the ventilation system, and inside the wall cavity were monitored for all test scenarios. A
formulation was developed to calculate the amount of moisture change in the wood

paneling.

To study the influence of moisture loads and different ventilation strategies on indoor
environment with the heat and moisture interaction between indoor air and wood
paneling taken into account, the mathematical coupling between the indoor conditions
obtained by CFD calculations and heat/mass diffusion inside porous walls described by
diffusion equations need to be implemented. In this thesis, the conservation equations
of momentum, heat, and mass were described in a single simulation environment--

COMSOL. The coupling process among these equations and between the sub-domain of
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the indoor air and the walls were developed by establishing the relationship of the
variables in each governing equation and inside each sub-domain. The solver
parameters related to solve these coupled equations were chosen according to the
numerical algorithm. The results of the simulation were validated by comparing the
experimental results. Then, the validated model was utilized to investigate the room
factors which were not tested in the experiment, such as the locations of the ventilation
vents, and to study the phenomena that could not be studied in the experiment, such as
the heat and moisture fluxes, and the potential damage on wall surface caused by mold.

In this thesis, only steady state analysis in the numerical investigation was performed.

1.4 Outline

The thesis consists of 8 chapters. The introductions of the background, motivation and
objectives have been presented in this chapter. In Chapter 2, the critical points of
current studies on moisture buffering and "whole building" HAM responses including
substantive findings, theoretical and methodological contributions, experimental and
numerical results are reviewed. Chapter 3 describes the fundamental theories utilized in
this thesis study. These theories include the terminologies related to the description and
calculation of hygroscopic material properties, the mathematical description of
convective heat and moisture transfers, and the deduction of the formulation applied in
this thesis experimental study. Chapter 4 introduces the experimental protocol. The
experimental setup including construction of the test room, sensors location, and data

acquisition system; the quantity of the room factors tested in the experiment, such as

11



the moisture loads, ventilation conditions; and the experimental procedure are
presented in this chapter. The experimental results are analyzed in Chapter 5. The
moisture buffering performance of wood paneling under different test conditions, the
influence of wood paneling on the indoor environment affected by room factors, and
the relationship of the moisture response of the wood paneling, its buffering effect to
the test room and the room factors are elaborated. Chapter 6 presents the numerical
modeling. The coupling process including the coupling between the momentum, heat
and mass equations in whole simulation domain, the coupling of heat and mass
between indoor air and wall system is described. The numerical model is validated by
comparing its results with the experimental results. In Chapter 7, the numerical
investigations of the influence of room factors on indoor humidity levels at steady state,
of the impact of the ventilation vents position changes on indoor environment, of the
dominating factors to the heat and mass transport through the wall systems, and of the
potential local damage caused by extreme temperature and humidity conditions are

performed. Chapter 8 summarizes the major findings, contributions, and future work.
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CHAPTER 2
LITERATURE REVIEW

This chapter presents a literature review of current studies on the moisture buffering
phenomenon and HAM transport in buildings. The existing efforts in defining and
describing the buffering effects are reviewed in the first section. The overall review
about impacts of moisture buffering on the indoor environment, energy consumption as
well as its calculation by numerical simulation in whole building is followed. Finally, a

summary of the literature review is presented in the last section.

2.1 Defining and Measuring Moisture Buffering

2.1.1 Moisture Buffering Value (MBV)

The hygroscopic materials used in building structures have the ability to reduce the
extreme values of humidity levels in indoor environments when the rooms are
subjected to moisture load changes. This phenomenon is investigated in some earlier
studies (Rode et al., 2001, 2003; Salonvaara, 1998; Padfield, 1999; Simonson et al.,
2001a, 2001b; Karagiozis et al., 1999; Mitamura et al., 2001) and has been recognized as

moisture buffering effects.
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The traditional material properties such as moisture capacity, vapor permeability,
density, and moisture sorption isotherm (to be presented in Chapter 3), which are found
in the steady state situation, can be used to describe this phenomenon. In the
NORDTEST project (Rode et al. 2005), the concept called moisture buffering value (MBV)
and its theory were developed. Based on the heat-moisture transfer analogy, the
moisture flux, g(t) , on the surface of a hygroscopic material under the rectangular signal
loads (e.g. 8 hour of high moisture load followed by 16 hour of low load without load in
a one-day cycle) can be calculated by the Fourier transformation method. The

accumulated moisture uptake and moisture release, G(t), is expressed as:

G(t) = j g(ndt=b, -Ap- h(a)\/g (2.1)

where

b, is the moisture effusivity, J/m*-K -s">
Ap is the vapor pressure difference, Pa

t, is the time period, s

h(a) = %i sin (3’72’”) ~ 2252 a(l - )] (2.2)

For the 8/16 hr scheme, a=1/3, h(a)=1.007, and the accumulated moisture uptake is

reduced to

G(1) = 0.568 b, - Ap.ft, (2.3)

14



The theoretical Moisture Buffer Value (MBV), also called ideal MBV in the project, is
defined as the moisture exchange G(t) normalized with the change in the surface
relative humidity, ARH, i.e.

G(1)
MBV;deal ~ ARH

=0.00568- p, -b,, \Jt,
(2.4)

To measure the MBV of hygroscopic materials, the concept of the practical MBV as well
as the experimental measurement condition and set up is proposed in the project and

later is standardized as (Rode and Grau, 2008):

"The standardized Moisture Buffer Value (MBV) indicates the amount of
water that is transported in or out of a material per open surface area,
during a prescribed period of time, when it is subjected to specific
variations in relative humidity of the surrounding air with a specified
velocity. When the moisture exchange during the period is reported per
open surface area and per % RH variation, the result is the MBV.

Standardized exposure is 8 h of 75% RH, and 16 h of 33% RH. The unit for

MBV iskg/(m® - %oRH)."

The ideal MBV is derived from material hygroscopic properties and belongs to the
material level definition as stated in Section 1.2, while the practical MBV measured from

experiments includes the effect of the vapor resistance of the surface air film and is a
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system level definition. The surface resistance is assumed as zero in the ideal MBV
calculation formula. With this assumption, the calculated ideal MBVs of some materials
are about three times higher than the measured values presented in the NORDTEST

project report. (Abadie and Mendonca, 2009).

2.1.2 Sorption Kinetic Curves

Using sorption kinetic curves of hygroscopic materials to predict moisture buffering
capacities has been suggested and studied. The first-order, pseudo-second-order and
general forms of kinetics models for the adsorption process were proposed by

Lagergren (1898), Ho and McKay (1999) and Delgado et al. (2005), respectively, as:

dw
Z = kl (Weq - W) (2'5)

&k (r, wy (26)

? =k,(w,, —w)" for n>1 (2.7)
t

where w,, IS the equilibrium sorption capacity, k terms are the kinetic parameters.

The solutions to (2.5)—(2.7) are:

kit
2.303

log(w,, —w) =log(w,,) — (2.8)

1 1
=t hyt (2.9)
Weq 4% Weq
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1 1
— = —+k,t for n>1 (2.10)
(n=1)0r,, —w)"" (1=,

An experimental method to determine the equilibrium water content (i.e. w, ) based on

the sorption kinetic curves was developed by Jantti et al. (1970) with the adsorption

equation and calculation as:

() = w, 21T (2.11)
"1+t/t
w,, (t,) = w(t )w(t,) + w(t, )wl(ty) — 2wt )w(t;) (2.12)

2w(t,) —w(t,) — w(ty)

where w(#,), w(t,) andw(t,) are the moisture content measurements at three different
timesand At =t, —t, =t, —t,. This provided a quick way to determine the equilibrium

moisture content.

Six hygroscopic material samples were tested by Delgado et al. (2005) under several
cycles of square waves of RH loads at a constant temperature similar to the test
conditions performed in the NORDTEST project. The moisture buffering value based on
these test conditions were obtained, and the equilibrium moisture content, kinetic
parameters of the sorption curves, as well as other pertinent parameters such as initial
sorption rate and the time to reach 50% equilibrium water content were measured and

calculated.
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The major findings and conclusions of Delgado et al. (2005) included:

1. The sorption of water vapor by these building materials proceeded in accordance with
the pseudo-second-order model, except for cement plaster. The experimental values do

not deviate from the lines by more than 12% and the correlation coefficients are about

0.99. The values of w, and k, obtained in the initial and stable cycles are very similar.

2. The advantage of using the kinetics models for adsorption/desorption processes is

the possibility that the end of a sorption process, w,_, may be predicted, using only a

eq?

few hours experiment, with a good agreement of the results.

3. The MBV retrieved from these experiments can be an easy way of comparing
different building materials or building elements in terms of their moisture buffer
capacity. The MBV corresponding to an amount of moisture adsorbed in a predefined

cycle can be predicted from the knowledge of w,  and kinetics coefficients. The sorption

kinetics analyzed can provide a better insight on moisture buffer performance.

2.1.3 Moisture transfer coefficient

A key factor in evaluating the moisture buffering capacity of a hygroscopic material is
the amount of water it can absorb and release in the different load conditions. This
amount of water is significantly affected by the surface transfer coefficient. The theory

of mass transfer coefficient is analogized to heat transfer as:
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h
h =—F"—— 2.13
m pCpLeZ/3 ( )

where £, is the convective mass transfer coefficient (m/s), h, is the convective heat
transfer coefficient (w/m?* - K ), c, is the specific heat (J/kg- K), Le is the Lewis

number. This equation, relating convective heat and mass transfer, is the well-known
Chilton-Colburn analogy. The analogy itself has been the subject of many research
projects that proved or disproved the accuracy of the results for a variety of conditions

(Neale 2007).

Rode et al. (2005) summarized the convective moisture transfer coefficient,
2 . 2 . .
B,(kg/ p, -m”-s), and the surface resistance, Z, (p,-m” -s/kg), by using the Lewis

relation and choosing exponent % recommended for interior surfaces in buildings as:

p'cp'Rv'T 3/4

1
Z, =—="""".Ie (2.14)
B, a,

where:

p airdensity (1.205 kg/m’ at 20 °C)

c, heat capacity of air at constant pressure (1005.J/kg-K)
R, gas constant for water vapor (461.5J/kg- K')

T temperature (K)

a, convective surface heat transfer coefficient (w/m*-K)

Le Lewis number
a 2.1x107°m?* /s

e=—=—"—————=0.84 (At 20 °C)
D 25x107m" /s
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The general moisture transfer resistance in a building can be assumed to be 5x10’

m-s-p, lkg.

The determination of moisture transfer coefficients in the current research on moisture
buffering was mostly based on the above analogy. Osanyintola et al. (2005) used the
Transient Moisture Transfer (TMT) facility (Fig. 2.1) to measure the moisture buffering
performance of spruce plywood under three different Reynolds numbers, Re =1000,

2000, and 4000, which corresponds to convective heat transfer coefficients (/) of 2.5,
3.5, and 8.1 w/m? - K respectively and convective mass transfer coefficients (h,) of

0.0021, 0.0029, 0.0067 m/s respectively. The Moisture Buffering Capacity (MBC)
defined as the average amount of the sum water absorbed and released in a steady
state cycle in this research were 22.5, 24.9, and 26.2 g/m2 corresponding to these three

Re conditions.

‘ Temperature/Humidity sensors ‘

— —_— — ] Air from
" —— i IJ <4+—— environmental
: chambers
Load sensor » | Jx
Spruce plywood > Impermeable
containers

W\ Insulation

Fig. 2.1 Schematic of the TMT facility (From Osanyintola et al., 2005)

Roles and Simonson (2006) performed a numerical simulation to study the influence of

the surface film resistance on MBVs of four hygrothermal materials. The simulation
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results were presented as Table 2.1. Different materials had different MBV changes for a
changed surface resistance, and a sudden drop of MBV was observed for wood fibre

board when increasing the surface film resistance from 1x10° t03.3x10°m” -s- p_ / kg .

Table2.1 Influence of the surface film resistance on the obtained MBV
(in g/m*.%RH) for the four materials investigated.

Surface resistance x 10’ (m®sPa/kg) WFB PW ACC GP
33 0.55 0.47 0.56 0.61
10 1.55 0.64 0.75 0.86
5 1.86 0.69 0.82 0.94
3.3 1.99 0.71 0.83 0.97
1 2.20 0.74 0.86 1.01
Negligible (0.0033) 2.31 0.76 0.89 1.03

Note: This table is adopted from Roles and Simonson (2006). WFB stands for the wood fiber

board, PW for plywood, ACC for aerated cellular concrete, and GP for gypsum plaster

A study of local surface water vapor transfer coefficient in a ventilated test room based
on a coupled CFD-EPD model was performed by Steeman et al. (2009). Since the
commercially available CFD packages do not allow for the simulation of the coupled heat
and moisture transport in hygroscopic materials, the effective penetration depth (EPD)
model to simulate the hygrothermal behavior of the walls was combined into the CFD
package. To couple the CFD and EPD models, the water vapor mass fraction at the
surface of the wall for a given time step was obtained from the previous step results of
the EPD model, then the water vapor flux from the air to the wall at this time step was
calculated by the CFD model and input into EPD to generate next step’s mass fraction
value on the wall surface. The coupled CFD-EPD model was first validated by a non-
hygroscopic wall configuration test with 8 hours of moisture jet coming from the inlet
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and then applied to this test again without changing any conditions except including the

wall hygroscopic interaction.

The local surface water vapor transfer coefficient S, and the average surface water

vapor transfer coefficientE in Steeman et al. (2009) were defined as:

ﬂloc = L (215)
psur _pref

5 2 (1/ A) j gdA
;SUF - p_l (1 / A)J‘ pSlIr dA - p_l

(2.16)

where g is the water vapor flux. The term p . is the reference water vapor pressure

(also called free stream water vapor pressure); it is the volume average indoor water

vapor pressure p; as:

_ 14
Pry =P = J.p;/

(2.17)

The simulation results of Steeman et al. (2009) showed that the local surface water
vapor transfer coefficient was not constant over the surface area and varied between
0.8x10°® s/m and 3x10® s/m in the first hour of the moisture generation and decreased
to 1.8x10® s/m after 8 hours. But the average surface water vapor transfer coefficient

remains constant during the whole period of testing.
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2.1.4 Other moisture buffering measurements

Another notable standard for characterizing building materials with respect to moisture
buffering is the "test method of ad/desorption performance of building materials to
regulate indoor humidity", the Japanese industrial standard JIS A 1470-1 (JIS 2002). With
the similar objectives and measurement principles as the NORDTEST protocol, this test
standard used a square wave signal with 24 hours high RH followed 24 hours low RH.
Three humidity levels, 33% to 53%, 53% to 75%, and 75% to 93% were chosen as the

load signals. The specimen thickness was equal to the product thickness. The surface
film resistance was set to 4.8x10” £10% m’-s- p, / kg . The test results were reported

as moisture masses absorbed and released by the test materials as well as the moisture

content profiles with respect to time.

Yang W.; Fazio, P.; Kumaran, M.K. (2008) measured the moisture buffering capacities of
five building materials commonly used in North America: gypsum, plywood, OSB,
fiberboard, and stucco. The test conditions were same as the NORDTEST condition, 8
hours 75% RH followed 16 hours 33% RH with a constant temperature of 23 °C. The
MBYV values were calculated, the absorption and desorption curves were plotted and

fitted into Egs. (2.18) & (2.19) for gypsum, and Egs. (2.20) & (2.19) for the other

materials.
Am, =a+be”’ (2.18)
Am,, =a+bexp(—t/c) (2.19)
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Am,, =a+bx* (2.20)

where a, b, and c were fitting coefficients.

Highly absorbing materials, such as sodium polyacrylate and cellulose-based material,
are super absorbent polymers and combination of cellulose and super adsorbent
polymers respectively, and are used in several industrial sectors ranging from personal
hygiene to medical field. The moisture buffering capacities of these materials were
investigated by Cerolini et al. (2008). In their test, the materials were wound in a
nonwoven fabric and then placed in a non absorbing plastic container to facilitate the
weighing procedure. The container was covered with a perforated sheet metal to
simulate the presence of a surface closure and sealed with aluminum adhesive tape as

shown in Fig. 2.2. The same moisture load scheme as NORDTEST project was applied.

Comparing the moisture buffering results of gypsum to perlite material, this study found
that the super absorbent polymer reacted more quickly than the other materials to RH
changes in both the adsorption and desorption phases. However polyacrylate showed a
hysteretic behavior that may cause the loss of its sorption properties. Therefore the
cellulose-based material seemed to be the most suitable for moisture buffer

applications.
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aluminium adhesive tape
perforated sheet metal

nonwoven fabric

absorbing material

______impermeable container

Fig. 2.2 Test setup of closing and sealing systems used for the loose materials (from

Cerolini et al., 2008)

Svennberg (2006) studied the moisture buffering of furniture in the indoor environment.
In one project, two bed systems, one of a homogenous mattress and the other of a
multilayer type, were tested in a Sweden house subjected a diurnal temperature and RH
variations. The systems were mathematically analyzed and the noticeable differences of
microclimatic conditions in the two systems had been observed. The moisture uptake in
a chair seat as a response to daily RH variations was studied in another project. The
comparison between chair measurements and analytical solution showed that the latter
provided a good representation of the moisture uptake. An addition of internal
resistance in the analytical solution and using truer boundary conditions would further

improve the agreement.

There were also some large scale experimental studies on the moisture buffering.
However, these studies were mostly focusing on the moisture buffering impact on

indoor room conditions instead of on the moisture buffering measurement. This subject
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as well as the influence of moisture buffering on energy consumption are reviewed in

the next section.

2.2 Moisture buffering studies in whole buildings

The moisture buffering phenomenon, as stated in Chapter 1 and reviewed in the
previous section, is a dynamic process that the hygroscopic materials inside building
dampen the variation of the indoor air humidity levels. One goal of studying the
moisture buffering is to predict the buffering effects of the hygroscopic materials and
utilize it to control indoor environment and to achieve energy saving. In this section, the
existing studies on the impact of moisture buffering on indoor environments and energy
consumption are reviewed, and the currently numerical simulations for the whole

building moisture response studies are also presented.

2.2.1 Moisture buffering effect on indoor environment and its prediction

Indoor humidity is an important factor in keeping human body in a healthy condition.
Toftum et al. (1998) studied the influences of the indoor humidity level on the human
skin humidity and respiratory comfort. Fang et al. (1999) and Kurnitski et al. (2007)
investigated the indoor air quality related to the humidity condition. Bornehag et al.
(2001, 2004) found that the appropriate indoor humidity could prevent mold growth
and reduce health risks due to sick building syndromes such as asthma, allergic

symptoms, and airway infections.
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Several large-scale, lab and field experiments on moisture buffering effects have been
performed by Simonson et al. (2000), Rode et al. (2001), Svennberg et al. (2004),
Mitamura et al. (2004), Ojanen and Salonvaara (2004), Satio (2005a), Holm et al. (2007)
and Yang (2010). Different hygrothermal materials including plywood, coated and
uncoated gypsum board, cellular concrete, unpainted wood, as well as the furnished
room with desk, table, book, chair carpet were used as moisture buffering objects to
dampen the indoor environment variations of temperatures and relative humidity,
especially for the relative humidity change. Different moisture load schemes ranging
from simple square wave at constant generation rate to complex signal of mimicking
daily occupancy schedule with different moisture generation rates at different time
periods had been used in these experiments. The studies found that the buffering
effects of the hygroscopic materials depended on many factors, including the type and
area of the buffering objects exposed to the moisture, the ventilation rate, the moisture

generation rate, and the outdoor climate conditions.

A method of comparative testing, with the ceiling, floor, and walls of a testing house
located in Helsinki, Finland covered by plastic sheets (Fig.2.3) in one case and the regular
enclosure of the same house in another, was adopted in Simonson et al. (2004). The
measured indoor humidity ratios as a function of time for the different ventilation rates
with and without a plastic vapor retarder were measured. The reduction of moisture

buffering effects as the ventilation rates increased was observed, as shown in Fig.2.4.
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The fact that moisture buffering effects have significant impacts on the indoor
environment, especially on the humidity change has been recognized and verified. To be
as a passive way to save energy consumption is one of the applications of the moisture
buffering. Atthajariyakul et al. (2004) proposed a systematic approach to determine the
optimal indoor-air condition by simultaneously setting the time-dependent variables to
appropriate reference values for real-time control implementation of the HVAC system.
This HVAC control methodology used RH as one of the control parameters and the
results showed that the buildings with this control strategy consumed less energy than
the traditional approach while providing desired thermal comfort and air quality.
Barbosa and Mendes (2008) combined heat, vapor and liquid transfer in porous
elements and the HVAC systems and built an integrated model for both the HVAC
system and multi-zone building hygrothermal simulation. The simulation results showed
that the monthly peak load could be 13% lower when moisture was taken into account
as compared with the situation disregarding the presence of moisture. Therefore, they
concluded that when moisture within the construction was neglected, HVAC system

might be oversized.
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Fig. 2.3 Sealing the test room with polyethylene plastic (from Simonson et al., 2004)
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Fig. 2.4 Change in relative humidity in the test room after the humidity generator was
turned on for different ventilation rates with and without plastic (from Simonson et al.,

2004)
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Olalekan et al. (2005) studied the effect of hygroscopic materials on energy

consumptions in buildings by dividing the potential energy savings into “direct”, which

means the energy required for the heating and cooling of a building, and “indirect”,

which means the possible savings due to a lower ventilation rate, a higher indoor

temperature in the winter and a lower one in the summer. The investigation found that

the “direct saving” could be 5-30% of the cooling energy and 2-3% of the heating

energy, and the “indirect saving” was in the range of 5% to 20%.

Moisture Buffer Performance
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Fig. 2.5 (Left side) Descriptive levels from the NORDTEST Project of the moisture
buffer effect in the built environment. (Right side) Contributions of the present work

(from Abadie and Mendonga 2009)

To utilize the moisture buffering effects efficiently requires a reasonably accurate
prediction of the buffering performance of the hygroscopic material in the building. The

measurements of the material properties and the room factors have to be combined
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together to achieve this prediction. Abadie and Mendonca (2009) summarized this
combination and the contribution of their work as shown in Fig. 2.5. These studies, most
of them were implemented by numerical simulation, will be reviewed in the next
section. There was an effort to derive and use a single-element to characterize the
moisture buffering performance of interior elements and to corroborate their
superposition to the moisture buffering potential of a room-enclosure. Janssen and
Roels (2008) proposed a weighting factor & for considering the room factor of moisture

production interval as:

0 h < production interval<2h: o =0.0
2 h < production interval<6h: o =0.5

6 h < production interval<10h: o =1.0

Then the enhancement of MBP characterization of the material and buffering objects,

MBV?*, was defined as:
MBV" =a-MBV,, +(1-a)- MBYV,, (2.21)

In this equation, the MBVg, is the calculation according to the NORDTEST protocol and
MBVy, is the measurement of the accumulated moisture after just one hour at the high

RH level within the 8/16 h test.

Janssen and Roels (2008) proposed a new term, the room hygric inertia, as:

A -MBV +> MBV'
Q4 c + 2 MBY, ):a.H]Rgh +(1-«a)- HIR,, (2.22)
V

HIR =
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where k is the index for wall finishing and [ is the index for buffering objects in the

room, V is the volume of room, and HIR,, / HIR,,are the room hygric inertia with the

superposition of interior finishes and objects which was proposed by Ramos and de

Freitas (2006) as Eq. 2.23.

This methodology for qualitative and quantitative assessments of interior moisture
buffering by introducing a moisture production factor o into the calculation provided a
missing link between currently available approaches for characterization and

guantification of moisture buffering in rooms.

Za)l.Sl. +ZQj
_ i J

7

I, (2.23)

Where I, is moisture buffering capacity (MBC) by cubic meter of room volume (kg/m?3),
w; is MBC of element i (kg/mz), S;is the surface of element i (mz), L) is the total MBC of

element j (kg), and V is the room volume (m®).

2.2.2 Moisture transport in whole building

A common way to evaluate the moisture amount absorbed and released by the
hygroscopic enclosure is by calculating the moisture distributing in each part of building
according to the transport mechanism. Example of this method can be seen from Yang,
Fazio, Ge & Rao (2011) in which the moisture buffering amount was calculated by the
total moisture generation in the test room subtracting the moisture taken away by

ventilation, air leakage and diffusion through the wall system. With a computer
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simulation approach, a complicated interacting mechanism among these building

components was modeled by Zhang (2005) as Fig. 2.6.

Heating, cooling &
pollutant loads
Rates of H. A. M. P.
through structures

via the source terms

Envelope

|, pressure of supply air .~

/'@, T, and RH
/" of supply air

B.C.'s on ",

Fig. 2.6 Interaction among the component models (from Zhang, 2005)

There are many models with different degrees of complexity for predicting HAM
transfers in the building envelope systems. Chen et al. (2004) established a
phenomenological equation with the determination of the coefficients of heat and
moisture to describe the migration process of heat and mass in unsaturated porous
building materials. Qin et al. (2005) provided an analytical approach to calculate the
coupled heat and moisture transfer in the porous building materials. The coupled
system was solved by using the Laplace transformation and transfer function method.

Janssen et al. (2006) investigated the hygrothermal responses of the building
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components under atmospheric excitation. Abadie and Mendes (2005) compared the
analysis of response-factor methods and finite-volume based methods for predicting
heat and moisture transfer through porous building materials. The envelope model has
been well developed and the transfer equations for moisture and heat in building
components are currently undergoing standardization (Janssen et al., 2006). Straube
and Burnett (2001) summarized 5 factors in performing the building envelope
simulation including 1) Geometry of the enclosure with all macro building details; 2)
Interior and exterior boundary conditions; 3) Material properties and their variation
with temperature, moisture content, and age, as well as their chemical interaction with
other materials; 4) Physics, chemistry, thermodynamics, and mathematics of combined
heat, air, and moisture transport; and 5) Performance thresholds, i.e. the conditions

under which a material or assembly will cease to perform as intended.

HVAC systems are modeled in many building simulations. The HVYAC model should
include the dynamic response characteristics of the HVAC components as well as other
performance aspects such as pressure and flow delivery of fans, efficiency of air cleaner,
and flow resistance of air damper, and energy consumption (Zhang, 2005). The HVAC
models have been developed extensively (e.g. Knabe and Le 2001; Hensen, 1991; Lam et
al., 1997; and Novak et al., 2004) and many available software packages (e.g.

EnergyPlus, ESP-r) include HVAC systems in their building models.

The room models which focus on the resolution of the spatial distribution of

temperature, humidity and air flow profiles inside a room had been built mostly by using
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the computational fluid dynamics (CFD) techniques. Liu et al. (2002) studied the air flow
and moisture distribution inside a ventilated test room (1.22x1.21x1.5 m3) and
ventilation rate of 3.8 h™! by using a standard k- turbulent model, and a good
agreement was obtained between the modeling simulation and experimental results.
Teodosiu et al. (2003) investigated the uncertainties influenced by boundary conditions
by performing a numerical simulation on a full-scale test room with mixed ventilation
(Fig.2.7). The results showed that the perturbation of the air supply as the boundary

conditions may have a major effect on the prediction of the cold jet separation from the

ceiling.
M Ceiling
Median plane
Air supply 48
\ A @ Air velocity
foflls--- - € = t ------ : &  Air temperature Sensor
T South A\ ot Q L Vertically displacement
Floor | ” ® THorizontally displacement
2.5m : AW Air exhaust L Laterally displacement
7
‘ 3.1m
East

- /

— 31lm ———*

Fig. 2.7 Experimental set up (from Teodosiu et al., 2003).

The integration of all the sub-models into a whole building simulation poses a great
challenge, and it was a main subtask of Annex 41. The Annex 41 report (2008)
summarized current integration efforts in coupling these models into a whole building
simulation tool. In order to develop numerical codes to couple the transfer of water

vapor between the air and the material surface, the moisture transfer within material,
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and the moisture storage within the material, simplified coupling methods were often
adopted. In these models, the moisture balance for the indoor air in a room was
described so-called multi-zone models with the assumption of well mixed air properties.

The governing equation can be as (Woloszyn and Rode 2008a):

V V. dp,
]/i/l +m +_a — :——l-l- AU .= . 2.24
Ty e ey ; #ipi = pe) (224

v

where,

m,, indoor vapor production (kg/s)
m,,, vapor added/removed by HVAC-system (kg/s)
R, gas constant for vapor (461.5J/kg-K)

T, indoor air temperature (K )

1

pi and pe partial water vapor pressures of the indoor and outdoor air (Pa)

Va volumetric flow rate of outside air (m3 /s)

V' room volume (m3)

4, area of the interior surface of wall j ( m®)
B, convective surface film coefficient for vapor transfer (s/m)

p,; vapor pressure at the interior surface of wall j(p,)

Woloszyn and Rode (2008b) also provided (in Annex 41) a summary of these models in
simulating the whole building heat-air-moisture transfer, as seen in Table 2.2. Note that,
in many cases, the moisture transfer coefficient between the air in the room and the

wall was assumed or defined by the users.
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One of the popular model based the simplified lumped approach is the effective
moisture penetration depth (EMPD) model. It has been used to simulate moisture
absorption and desorption in the building material. With different material property
assumptions, different codes are developed based on this model. For example, in
EnergyPlus, non-isothermal conditions are assumed, which the temperature used in the
EMPD model comes from the solution of energy conservation equations, and the
property of moisture capacity of the material is not constant but a function of the
relative humidity of the layer, while in TRNSYS, the isothermal conditions are assumed,

and the moisture capacity is constant.

The advances in 3D airflow modeling by using CFD to determine the local moisture
transfer coefficient has not been widely applied in the coupled simulations. Paepe
(2008) in Annex 41 report imputed this to two limitations. One is the computational
time that, as an example, the annual simulations of whole building by CFD are beyond
the capacity of the current computational resources. The other is the problem of
validation. Only a few simulation studies took this approach. Steeman et al. (2008), as
reviewed in Section 2.1.3, coupled an EMPD model with a CFD model in FLUENT so that
the CFD code could be used to solve the moisture transfer in the material. Neale (2007)
solved the heat and mass transfer for boundary layers close to a wall by implementing
vapor transfer equations in MATLAB and coupled it with Fluent. This approach was
validated and compared with the experimental data, but the post-processing was

complicated due to non-single simulation environment.
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2.3 Summary

In the first section of this chapter, the characterization of moisture buffering is reviewed
in terms of MBV, kinetic curves, and film coefficient. The MBV term combines material
hygroscopic properties to describe this dynamic effect. Kinetic curves present this
dynamic process in time domain, and the equilibrium state may be predicted by a few
measurement steps. The film coefficient which is mainly affected by the local conditions
influences the moisture amount absorbed and released by the buffering material in this
process. Other measurement method and different material types as well as the other

objects such as furniture buffering evaluation are also reviewed.

The moisture buffering effects can be utilized to moderate indoor environment and
reduce energy consumption. To have this utilization, the whole building moisture
responses to the different moisture load profiles and ventilation conditions have to be
understood and predicted. Currently, the numerical simulation methods are mainly
employed for this calculation. These topics are reviewed in the second section of this

chapter.

The review indicates that the link between the characterization of the material buffering
capacity and its utilization has not been well established. To have a reasonably precise
prediction of the moisture buffering effects, the material’s buffering properties
characterization is not sufficient, and the material buffering performance at room level
has to be investigated. Currently the evaluation of the material performance based on

simplified simulation model has provided an assessment of indoor condition. However,
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extensive experimental data are still needed to enhance this assessment. Meanwhile,
since the detailed information of the microclimate inside rooms cannot be obtained
from these models, the CFD model involving the moisture interaction process between
the indoor air and the hygroscopic material is required. All of these reasons become the
motivation of this research. As introduced in the previous chapter, this research includes
a comprehensive experimental investigation to evaluate impact of the buffering
material on indoor environment under different room factors, and a numerical model in
a single simulation environment to study the moisture interaction with the hygroscopic
materials and to predict the spatial responses of indoor moisture and temperature

under different room factors.
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CHAPTER 3

BASIC THEORIES FOR HAM TRANSPORT

This chapter consists of three sections. The building material’s hygroscopic properties
and relative concepts encountered in the literature review chapter, such as moisture
sorption isotherm, moisture effusivity, and penetration depth, are explained in the first
section. The principles of moisture transport as well as the fundamental governing
equations and dimensionless numbers used in fluid flow, heat and mass transfer analysis
are given in the second section. The third section presents the moisture balance in the
room and enclosure. The experimental tests formulation in this research is derived in

this part.

3.1 Definition of hygroscopic material properties

In this section, material properties are introduced mathematically. For the experimental
and numerical study about the properties measurement and determination one can
refer to Carmeliet and Roels (2001), Jirickova and Cerny (2006), and Derluyn et al.

(2006).
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3.1.1 Moisture sorption isotherm

Moisture Sorption Isotherm, which is usually displayed graphically by a regression curve,
describes the relationship between water content and the equilibrium humidity of a
material at constant temperature. Sorption isotherms are often used as empirical
models which do not make statements about the underlying mechanisms and measured
variables (Roles et al., 2004). An example of the spruce wood material sorption isotherm

is given as Fig. 3.1:
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Fig.3.1 Equilibrium moisture content of wood at various temperatures versus the relative

humidity (from Hameury, 2005)

3.1.2 Moisture capacity, §

The moisture capacity, §, which is also called storage capacity, is the derivative of the
moisture sorption isotherm (Fig.3.2). It is used in solving the isothermal moisture

transport equation, and is generally expressed by parametric functions covering both
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the hygroscopic and over-hygroscopic regime (Carmeliet and Roels, 2001). Its unit is

kg/kg.
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Fig. 3.2 Sorption curve for aerated concrete. The slope of the curve indicates the
moisture capacity, & = du/d@ (kg/kg), where u is the moisture content (kg/kg — mass of
absorbed moisture per dry mass of the material), and ¢ is relative humidity (-) (from
Rode and Grau, 2008).

3.1.3 Water vapor permeability, 6

In building science, water vapor permeability, 6 (kg/m-s - p,), describes the ability of a

material to transmit the water vapor. It is defined in:

we_s%P (3.1)
dx

where

W = mass of vapor transmitted over unit time (kg/s)

p =vapor pressure ( p,)

X =distance along the flow path (m)

o0 =permeability (kg/m-s-p,)
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For the standard methods to measure water vapor permeability one can refer to

McCullough et al. (2003).

3.1.4 Moisture diffusivity D,

The moisture diffusivity, D, (m” / s) , combines the transport and retention properties

into one property. It describes how fast the moisture potential propagates through the

material (Rode and Grau, 2008) as:

D = : (3.2)
where p_ is the saturation vapor pressure (Pa). A method using TDR (time domain
refrectometry) to measure moisture diffusivity was presented by Pavlik et al. (2006).

The moisture diffusivity has the same unit with thermal diffusivity & and kinematic
viscosity V.
3.1.5 Moisture effusivity b,

In thermodynamics, the thermal effusivity, b(J/m” - K -s'"'*), of a material is defined as
the square root of the product of the material's thermal conductivity and its volumetric

heat capacity.

b=/xpc, =x/Ja (3.3)
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where k(W /m- K)is the thermal conductivity, p(kg/m?) is the density,c,(J/kg-K) is
the specific heat capacity, and a(m’ / s)is the thermal diffusivity. The product of o and
c, is known as the volumetric heat capacity. A material's thermal effusivity is a measure

of its ability to exchange thermal energy with its surroundings.

Analogue to this definition, Rode et al (2005) described moisture buffering capacity by

the moisture effusivity, b, (kg/m” - Pa-s'?

) which derived from vapor permeability (
S, ,kg/m-s- Pa), dry density of the material ( p,,kg/m’), moisture content (w

,kg/kg), relative humidity (¢ ), and the saturation vapor pressure ( P, Pa) as:

(3.4)

b o O, Py 0w/ op
" P

s

3.1.6 Moisture Penetration depth d,,

The thermal penetration depth d, is obtained from the exact solution for a semi-infinite
slab with temperature T, subjected to a sudden temperature change T, on its surface.

In this situation, assuming constant thermal diffusivity, the one dimension unsteady
conduction Eqg. (3. 5) needs to be solved with the initial condition (3.6) and boundary

condition (3.7) and (3.8).

or  o°T

—=a— (3.5)
ot ox

T(x,0)=T, (3.6)
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T(0.1)=T, (3.7)

T(0,t) =T, (3.8)

The semi-infinite slab problems are typically solved by Fourier integrals and Laplace
transforms. White (1988) presented the exact solution in using similarity theory by
defining a single variable 7 as Eq. 3.9 and correspondingly the dimensionless
temperature © as Eq. 3.10. Then the governing Eq. (3.5) changes to a simple ordinary

differential Eq. (3.11) with the exact solution (3.12).

X

n= 3.9

2Va -t (3.9)
T-T

0= ’ (3.10)
To_Ti

d* d

dn dn
T-T 2 o

O=—"L=1-——| e dz=erfc 3.12
- J;L 1) (3.12)

The function erfc is called the complementary error function. This solution is used to
calculate the thermal penetration depth d, which is defined as the interior position at

which the temperature change is 1% of (7;, —7}),i.e. ® =0.01. From the tabulate

solution, to have ® =0.01, the single variable 7=d, /2~ o -t =1.82 (Eqg. 3.9 with

x =d,), so the penetration depth d, can be calculated as:
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d =3.64Ja 1 (3.13)

Cunningham (1992) obtained the analytical solution for the effective moisture

penetration depth for the semi-infinite material in one-sided case which is subjected to
cyclic moisture concentration load, and the moisture EPD is equal to /D, /2@ (Eq.

3.14) for a constant vapor diffusion coefficient and under isothermal conditions.
d, =D, /2w (3.14)

where @ is the angular frequency of the cyclic load (s™).

Eqg. 3.15 is obtained by substituting (3.2) into (3.14). This equation is used in many
numerical codes as effective penetration depth model reviewed in the previous chapter
to describe moisture buffering. Rode et al. (2004) defined the moisture penetration
depth as the depth at which the amplitude is dampened to 1% of the amplitude at the
surface and gave Eq. 3.16. The reality is that unlike the thermal penetration depth, the
moisture vapor penetration depth cannot be measured currently, and the value for

most common materials is still unknown.

g - 5-ps~tp
Vpcm (3.15)

where t, is the time period of the cyclic variation (s).

d,=4.61/D, 1, /% (3.16)
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where d, is the moisture vapor penetration depth (m).

3.2 Principles of moisture transfer

The material properties related to moisture transport were described in the previous
section, the theories of HAM transport including characterizing fluid flow, heat and mass
diffusion, and analogy of heat and mass transfer in building science are reviewed in this
section. These theories are the fundamentals of the numerical study presented in later

chapters.

3.2.1 Convection flow characterized by dimensionless numbers

The governing equations of a convection fluid flow are derived from the principles of
conservation of mass, momentum, and energy. The constitutive relation for stress in a
Newtonian fluid with constant viscosity is shown in Eq. 3.17, and the governing

equations can be expressed in the tensor form as (3.18)-(3.20):

o =—pl+[AIV -V + u(VV +VV)] (3.17)
Continuity
op =
—+V-(pV)=0 (3.18)
ot
Momentum

Voo e .
pg-l-p(V-V)V =-Vp+AV(V- 1)+ y[VV +V(V-V)]+ of (3.19)
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Energy

pEEt PV Ne==pV V4 [ZIV -V + (V7 + V)]V +V-GVT)  (3.20)

where in the above equations,

o is the stress tensor
| is the unit tensor

V=ui +vj +wk

0r 0~ 0r. : :
V =—i+— j+—Fk inthe Cartesian coordinate system
ox 0Oy~ oz

A

fB is body force, and for the force due to gravity, fB =gk

e can be obtained from the caloric equation of state, frequently, e=c,T.

These governing equations, which describe the convection of fluid flow in the internal
and external as well as for the compressible and incompressible, are highly nonlinear,
and the analytical solutions for complex boundary conditions cannot be obtained.

Hence, these equations must be solved numerically.

Different numerical models are available to describe the fluid flow based on the flow
characteristics, and the dimensional analysis plays an important role in characterizing
the flows. In this section, some dimensionless numbers are introduced, which are
relevant in identifying the flow characteristics in the test room in this thesis. The more
detailed description of the numerical model and the coupling process are described in

Chapter 6.

e Nusselt number Nu
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The Nusselt number is the ratio of convective to conductive heat transfer across (normal
to) the boundary. A large Nusselt number means an efficient convective heat transfer.
The Nusselt number is defined as Eq. 3.17:

hL  Convective Heat transfer
Nu, =—=

- . (3.17)
x  Conductive Heat transfer

Where h is convective heat transfer coefficient, k is thermal conductivity of the fluid,

L is the characteristic length.

e Reynolds number Re

The Reynolds number Re is the ratio of inertial forces (Up) to viscous forces (,u/L ). In
the viscous force dominated laminar flow, the Re number is small while in the inertial
force dominated turbulent flow, the Re number is large. For example, for a fully
developed flow inside a pipe, the laminar flow occurs when Re < 2300, and it becomes

turbulent when Re > 4000. For an external flow along a flat plate, the transition from

the laminar to the turbulent occurs at approximately Re =5 x 10°. The Reynolds number

is defined as (3.18):
Re=UL/v (3.18)

where U is the average velocity for the internal flow and the stream velocity for the

external flow, L is the length scale that is the diameter D for internal flow and the

distance x for external flow; and v is the fluid kinematic viscosity with the unit of m* /s
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e Prandtl Number Pr

The Prandtl number Pr is a dimensionless number approximating the ratio of

momentum diffusivity (kinematic viscosity v ) and thermal diffusivity & as Eq. 3.19:

Prziz,ucp//c (3.19)
o

For the incompressible fluid flow past a flat plate at the steady state with the constant
free stream velocity, no heat generation and neglecting the dissipation effects, the
thicknesses of the velocity and thermal boundary layers can be correlated by the Pr

number. When Pr =1, the shape of the velocity and temperature profiles is identical.

e Grashof number G7

For the natural convection developed along a vertical plate, neglecting friction, the

Grashof number Gr is defined by the “local Reynolds number”u,, x/v, i.e.:

3 A 3
Gr, = (u,,x/v)* = g(1- L)) = 852~ (3.20)
p, vV v

0

In free convection, the Grashof number takes the place of Reynolds-number-squared in
the forced convection. This number may assess the relative importance of a streaming

motion superimposed on a buoyant heat transfer situation by:

Free convection: Gr,/Re2 >>1 (3.21)
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Mixed convection: Gr,/Re’ =1

(3.22)

Forced convection: Gr./Re? <<1 (3.23)

The definition of Gr, in Eq. 3.20 is not convenient for engineering analysis, where

temperature rather than density differences are more useful. An appropriate definition

can be obtained by introducing the coefficient of the thermal expansion /3 :

L),

ﬁ:_; or

For ideal gas,

B=1/T

The Grashof number can be expressed as:

Gr=gB(T,-T )L /v’

e Eckert number Ec

Fe— U’ _ Kinetic Energy
¢, AT Enthalpy

(3.24)

(3.25)

(3.26)

(3.27)

Eckert number Ec expresses the relationship between a flow's kinetic energy and

enthalpy, and is used to characterize dissipation, if the Eckert number Ec << 1, then the
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dissipation is negligible. For the free convection, substituting the U in £c number by

the velocity (gBATL)"?, the Eckert number is with the form of (3.28)

Fee U’ _gPATL _gpL L

= = 3.28
c,AT ¢, AT c, c¢,/gp ( )

The scale ¢,/ gf is equal to 30 and 2030 km for the air and water respectively. So the
vertical length scale L in most cases is much smaller than ¢,/ gf, and Ec <<1. This is

the reason that most CFD software neglects the dissipation when perform natural

convection analysis.

3.2.2 Governing equations and mechanisms of moisture transfer and its analogy to

heat transfer

The mechanisms of moisture transfer in air include convection which is described in the

previous section and diffusion which is based on the theory of mass diffusion. The

n

diffusion process of a mixture of n species with individual masses ofm;, m,, m, .. m
’

contained in a volume v can be described as follows:

The mass fraction of any species i is:
w,=m,/m=p,/p with Zwl.zl (3.29)

i=1

where p; is the density of species i, and p is the density of this mixture

53



In a flowing mixture, each species moves with a different velocity 7, and mass flow rate

p,V., and then the bulk mass flow per unit area is:

G=m"=pV =) pV, (3.30)

where V is the bulk velocity.
And the diffusion mass flux of species i is defined as:
g=p,0,~V) (3.31)

Fick’s law of mass diffusion states that the diffusion mass flow is proportional to the
gradient of the concentration of the species. In a mixture of two species A and B, the

Fick’s law is expressed as:
84="DVp,=—pD VW, =p, (VA - I7) (3.32)
where Dpg is called the molecular diffusion coefficient with the unit of m?/s.

The mechanisms of moisture transport in porous materials include diffusion, saturated
viscous flow, and liquid transport. Depending on the pore size of the materials, the
molecules of moisture have different patterns diffusing through the materials. When the
mean free path is relatively short compared to the pore size, the mechanism of the
moisture diffusion can be described by Fick’s Law. As introduced in the previous

paragraph, the flux of the moisture transport is related to the driving force of the
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concentration. When the pores dimensions range in diameter between 2 and 50nm, the
free path of the moisture particles is relatively long compared to the pore size, and
particles collide frequently with the pore wall. This diffusion mechanism is called
Knudsen diffusion and is described by the Einstein relation as (Malek and Coppens,

2003):

. 1 /¥ 2
D,(c) =}ggw<l§|4(t)—n(0)l > (3.33)

where D; is the self-diffusion coefficient, which depends on the concentration c, t is
time, N is the total number of particles in the system, and r; is the position vector of

particle i.

Surface diffusion occurs on the surface of the pore where the moisture molecules jump
between the adjacent adsorption sites (Jaguste and Bhatia, 1995). The viscous flow
occurs when the transverse section of the channel is large compare to the mean free
path of the moisture flow, and the Reynolds number of the flow is small. The viscous

flow can be described by Brinkman equation as (Whitaker, 1986):
pViq+q=—6VP (3.34)
where g is the flow flux (kg/m?%s), P is the pressure gradient (Pa), Sis the permeability of

the porous medium (kg/m-s-Pa), fBis an effective viscosity term.

The liquid transport mechanisms are described as hydrodynamic flow and capillary flow.
The hydrodynamic flow is induced by pressure differentials along a pore channel (Weber
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and Kimmich, 2002), while the capillary flow can be described by Washburn’s equation

as (Noble and Arnold, 1991):

_ bt
4n

L (3.35)

where L is the penetration distance in to the capillary (m), yis the surface tension (N/m),

D is the pore diameter (m), t is the time (s), 77 is the dynamic viscosity (Pa-s).

Generally, in building science, the moisture transport is described as a product of a

transfer coefficient and a gradient of the driving potential (Gudum, 2003)

_ a¥y
g =T — (3.36)
dx
where
&x is the moisture transfer in the x-direction
b4 is the potential, e.g. vapor concentration, vapor mass fraction, vapor

pressure, relative humidity, suction pressure, capillary pressure, and gravity.
X is the coordinate
r is the transfer coefficient corresponding to the driving potential
This generic equation has the same form as Fourier’s law in heat conduction Eq. 3.37
and the Newtonian’s law of relationship of shear stress and velocity as Eq. 3.38,

respectively.

G"=—kVT =—k- CZZ—T in x direction (3.37)
X

where k is the thermal conductivity with the unit of W/(m-K)
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T=U— (3.38)

where g is the viscosity with the unit of kg/(m-s)

Despite of the same form of the three equations (Eqgs. 3.36-3.38), the first item in each
of the three equations has different order of the geometric entity. The heat and
moisture flow flux are vectors, while viscous stress 7 is a tensor. The analogy between
momentum and heat can be achieved by the Prandtl number, and the analogy between

heat and mass transfer is achieved with the analogous variables listed in Table 3.1.

Table 3.1 Heat transfer and analogous mass transfer variables (from White 1988)

Heat Transfer Analogous Mass
Variables Transfer Variables
Temperature, 7° Moisture density, P,
Thermal diffusivity, o = k/ pc,, Mass diffusivity, D ,
Bulk velocities, wu,v Bulk velocities, u, v
Heat generation rate, g/ pc, Moisture generation rate, 71,
Prandtl number, Pr Schmidt number, Sc

The last item in the table for moisture transfer variables is Schmidt number, Sc (Eqg.

3.39). Recall that the diffusion coefficient D ,;, kinematic viscosity vV = 1/ p, and thermal

diffusivity & have the same unit of m* /s, and the Pr number is given in Eq. 3.19 as
extended fluid property, the other two dimensionless numbers of fluid properties are

defined as (3.39) and (3.40):
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e Schmidt number Sc=v/D,, (3.39)

e Lewis number Le=a/D,, =Sc/Pr (3.40)

Generally, gases have Schmidt and Lewis number near unity indicting that momentum,
heat, and mass transfer effects are of comparable magnitude. Liquids have large Sc

and Le indicting small diffusion rates compared to momentum and heat transfer.

For moisture transfer in a stationary medium, with no bulk flow or moisture generation,

the mass diffusion equation is described as:

0
=D, V0, (3.41)

This is mathematically identical to the unsteady heat conduction equation

%—: =aV*'T (3.42)

In the unsteady heat conduction analysis, the Biot number Bidefined as (3.43) plays an
important role. The Biot number (Bi) is the ratio of the heat transfer resistances inside of
and at the surface of a body. It determines whether or not the temperature inside a
body varies significantly in space when the body surface is subjected to a thermal
gradient. For a small Bi number, the body may be regarded as uniform temperature field

inside body while for a large one, the non-uniformity of temperature fields exist.

o pi-lL (3.43)
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where / is the convective heat transfer coefficient ( Wim*-K ), L isthe characteristic
length (m ), and £ is the thermal conductivity of the body (W /m-K)

A similar number called moisture Biot number was proposed by (Rode at al. 2004) as
Eqg.3.44 in studying the moisture transferring into a sample material, and Fig. 3.3 shows

that a decreasing moisture Biot number corresponds to a lower moisture transfer rate.

i Bimoislure = 5—2 (344)

where L is the thickness of the sample (m), J, is the water vapor permeability (m2 /s),

Z__ is the moisture surface resistance (s/m).

KRY
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Biot — number =1
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Fig. 3.3 Moisture uptake as a function of time (t) and moisture Biot number (From Rode

et al. 2004)

The theories covering the moisture transport including bulk movement and diffusion in
different medium have been summarized. The principles of mass transfer and governing

equations of fluid dynamics and mass transfer are the essential in numerical simulations
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of whole building moisture transfer by using CFD analysis. The numerical model and the
relevant theories of CFD techniques to solve the fluid flow will be given in Chapter 6

where the model is described.

3.3 Governing equation of the moisture balance in the experimental study

In this section, the formulation of this thesis experimental test is derived. The
experiment which is described in detail in next chapter consists of two steps: first, the
non-hygroscopic tests in which the hygroscopic material on the wall surface is covered
by plastic sheets so that there is no moisture interaction between indoor air and wall
systems, and second, the hygroscopic tests in which the plastic sheets are removed (Fig.

4.1 and 4.2). The moisture balance for the test room can be described as:

0 , , : .
a(pri)zmp g+ O W — 1,y (3.45)
where
3
P room air density (%877
4 room volume (7”)
Wi indoor humidity ratio (kg/kg)
! time (%)
" indoor vapor production (X875
m

95 vapor exchange rate by HVAC system (kg/s)

mass flow rate of air leakage (K8/5)
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W,
4 humidity ratio difference between outdoor and indoor (487 kg)

Ml moisture exchange rate between indoor and wall system (kg/s)

Eqg. 3.45 is the differential equation stating that the indoor humidity level is the result of
the moisture balance of moisture generation inside room, moisture gains/loss from the
ventilation, air leakage and through the walls, and moisture storage inside the test
room. The last item on the right side of the equation is the moisture interchange
between the wood wall and the test room. The time integral of this item represents the
moisture amount absorbed or released by the wall system, which is defined as the
moisture buffering amount My, in this research. Defining the time when moisture starts
generating from the moisture source at the center of the test room as time tg, at any
time t1, the My(t1) can be obtained by the integral of the equation from time tg to time

t;. The time integral of Eq. 3.45 is:

4 a t . 4 . t .
| — PV, )dr = [t + [, dt + [ Qg de =M, (1)) (3.46)
to t t ty

) (2) (3) (4)

The item on the left side of Eq. 3.46 is the changing amount of the moisture amount

inside the test room and can be rewritten as:

4

JZ (prwyde=1-p, I e) =) (3.460)

fy
\_ﬂ_—J

(1)
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The first item on right side of Equation 3.46 is the amount of moisture generation in the
experiment. The generation rate is controlled by the moisture generation system (Fig.
4.12) and designed to have same constant value Cg in both two test steps with little

error. Then this item can be rewritten as:

[ de=C, (1, ~1,) (3.46b)

fo

\_ﬂf_J
)

The second item on the right side of Eq.3.46 is the moisture increased amount due to
ventilation system. As the test protocol in next chapter stated, the ventilation system
used in this experiment is designed as closed system. The mixture air inside room will be

driven out to be conditioned and sent back to the test room again. Then we have:

In./lsys dt = J.Qvt [Winlez (t) - W{)ulet (t)]dt (3'46C)

%/_J

(3)

where Q'W is the ventilation rate (kg/s), and Winet(t) and wouret(t) are the function of

humidity ratio at inlet and outlet, which can be measured by the experimental sensors.

The third item is the moisture infiltration due to the air leakage which is deduced as

follows:

[ Q= O, [Iw, ()= w, (0t (3.46d)

(4)
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Same as Eq. 3.46¢, the indoor and outdoor humidity ratio can be obtained from the

sensors measurements, but the air leakage rate needs to be tested.

Then for hygroscopic test, the Eq. 3.46 is written as:

Mh (tl) = Cg ’ (tl - tO) + ;[Qvt ' [Winlet (t) - Woulet (t)]dt + ;[Q" ' [We (t) B Wi (t)]dt (347)

—Vp, [, ) -w(t,)]

For the non-hygroscopic tests, the walls were covered by plastic sheets. It means there
is no moisture interaction between the indoor humidity air and the wall system. The
superscript n is used to denote the non-hygroscopic step, and Eq. 3.47 can be rewritten

again to describe the non-hygroscopic test with M, equal to zero.

0=Cy-(t; —t,)+ j'Qw Wit (0) = Wi ()] + j 0, -w! (t)—w} ()dt
: o (3.48)

-V-p, -[w;’(fl)—wf(to)]

The outdoor condition is the same for every case, i.e. w(t)=w,"(t). Then the hygroscopic

buffering can be obtained by subtracting Eq. 3.48 from Eq. 3.47, as:

M,t)=(C,—Cy)-(t—t,)+ IQ TVtter () = Woier (1)) + (W, (€) = Wiy, ()12
o (3.49)

[0, Dwr @ = w Ot + V- p, AL, (1) =W (1)1 =D, (0) = w, 1)1}

ty
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The term C;-C," and Winjer(t)=Winer () are expected to be very small, because they are

controlled by the moisture generation system and the AHU respectively.

The time integral equation of the moisture balance inside the test room has been
deduced and presented in this section as the theory of the experimental work. The
experimental data will be analyzed based on Eq. 3.49 to calculate the moisture buffering
amount caused by the wood paneling. Due to the non-homogenous condition of the
temperature and moisture distribution profiles inside the test room, this equation need
to be further developed, and the air leakage of the test room also needs to be
investigated before this equation is applied to the calculation. This work is presented in

the next chapter.

3.4 Summary

In Chapter 3, the theories and concepts related to the moisture transport process and to
hygroscopic materials absorbing/releasing moisture are reviewed. In the first section of
this chapter, several terminologies regarding the moisture transport and storage inside
porous materials are elaborated. The first item introduced, moisture sorption isotherm,
is useful to understand the moisture buffering performance of wood paneling
investigated in the thesis experimental work. The other items including moisture
capacity, water vapor permeability, and moisture diffusivity are utilized when the non-
linear governing equations of the moisture transport inside the wall system are derived

in this thesis' numerical model in Chapter 6. The moisture penetration depth is an
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important concept in current moisture buffering studies, especially in the numerical
models. Detailed explanation of moisture penetration depth is provided to recognize the
advantages and limitations of using the penetration depth method to simulate whole
building moisture transport and to understand how the thesis numerical model
overcomes the limitations existing in current whole building HAM models. In the second
section of this chapter, the governing equations and mechanisms of moisture transport
in air and inside porous materials are presented. Those theories are the fundamental of
establishing the numerical models in investigating the indoor environment influenced by
room factors. The more detailed description of the equations applied in the thesis
numerical model and their coupling process are presented in later chapters where the
equations were utilized, especially in Chapter 6, “Numerical simulation”. In the last
section of this chapter, the equations governing the moisture balance in the test room

are derived.
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CHAPTER 4

EXPERIMENTAL SETUP, PROTOCOL, AND PRELIMINARY
EXPERIMENTAL RESULTS

The moisture buffering performance of interior finishing of a room wall, as stated in the
literature review, has not been extensively investigated at the room level in full-scale
setups. In order to study the wood wall panel’s moisture buffering responses in a room,
in this thesis research, a comprehensive experimental investigation of the influence of
the room factors including moisture loads, the ventilation conditions, and the RH initial
conditions inside the test room on the moisture ab/desorption by wood paneling and on
the indoor environment were carried out in an environmental chamber. The moisture
ab/desorption kinetic curves of the wood paneling were presented. The relationship of
the moisture buffering performance of wood paneling and its buffering effect to the
indoor environment under different test conditions were analyzed. This chapter on the
experimental protocol includes the description of the experimental objective,

methodology, setup, equipments, test scenarios, and preliminary test results.

4.1 Objective and scope of the experimental study

The current moisture buffering studies reviewed in Chapter 2 can be divided into two
main categories: the characterization of material hygroscopic property, that is at the

66



material level, and the investigation of the buffering effects in whole building
environment at the room level. At the material level, the material buffering property is
measured in experiments or calculated in simulations and determined as the mass of
the moisture absorbed/desorbed when the specimen is subjected to a cyclic change of
the surrounding environment. One way to describe this property is by the sorption
curves where the mass change with respect to time is presented by the
absorption/adsorption equations. The form of the equations and the correlation
coefficients in the equations need to be determined for the different materials. The
other well-accepted way to characterize this buffering property is the moisture
buffering value (MBV). Theoretically, this value can be calculated by the Fourier
transform when the material is tested under a square wave of RH signal. Practically, this
value is defined by the moisture amount exchanged during a cycle and normalized by

the open surface area of the hygroscopic material and the % RH variation.

The moisture buffering at room level has been studied in some large-scale experiments
and field tests. The moisture buffering effects of different hygroscopic materials under
different ventilation rates and moisture generation regimes have been investigated.
Recently, the room level moisture buffering value, defined as the superposition of the
moisture buffering potential of the interior finishes and objects in the room and referred
to as the room’s hygric inertia (HIR), has been proposed and developed. Among these
studies, the concept of moisture buffering value based on material level tests has been
widely adopted. However, the material buffering properties may not be directly

representative of the material buffering performance at room level because the
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moisture buffering effects are influenced by room factors such as ventilation conditions,
indoor humidity and temperature profiles, and indoor environment initial conditions. To
establish reliably the link between the characterization and quantification of the
moisture buffering of the interior finishing and furnishing, the moisture buffering
performance of these materials at room level needs to be measured experimentally. To
obtain the material’s buffering performance, having it tested when it is made to be a

part of the wall system and put it in the real room condition is a better solution.

This experimental research focused on the study of measuring the buffering
performance of a wood frame wall system at room level, and its buffering effect on
indoor environment. Since wood material is commonly used in the light frame building
envelope systems, it was chosen to be the interior layer of the wall in this experiment

project.

The main objective of this experiment was to measure and calculate the capability of
wood paneling of exchanging moisture under various room conditions, to analyze the
relationship between the buffering effect caused by the hygroscopic materials and their
hygroscopic performance, and to investigate the influence of moisture buffering effect
under different room conditions on indoor environment. Comparing the changes of
moisture amount inside the test room with the non-hygroscopic tests which the wood
paneling was covered by non-hygroscopic material, the buffering amount could be
calculated. The parameters considered in the experiment are explained in detail in the

following paragraphs, and the methodology will be explained in next section.
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Firstly, the ventilation factor was considered. Since the light-weight wall systems are
mostly used in the residential building such as house, apartments, condominiums, as
well as townhouses. In these structures, the ventilation is mainly caused by the natural
convection or mix convection where the forced convection is not a dominant factor in
the indoor room condition, so a room condition without and with lower controlled air
exchange rate was applied in the experiment. The common ventilation rates are
expressed as the number of times that the whole interior volume of air is replaced per
hour, and are referred to as air changes per hour (ACH). For residential buildings, a
minimum ventilation rate of 0.35ACH is required by the International Mechanical Code
(IMC-2009) (Mudarri, 2010). In the experiment, three levels of ventilation rates were
chosen. The non-ventilated condition was chosen as a reference to which other
ventilated conditions are compared with and was denoted as 00 ACH. In ventilated
condition, the controlled air change rates were 0.5, and 0.75 ACH respectively. To
explore how forced convection can affect the buffering performance, 2 test cases using
an auxiliary fan with different blow level to mock the forced convection were

performed.

The second factor was about the moisture loads. This is another main factor in current
moisture buffering studies. In this experiment, at 00 ACH condition, the 25g/h (gram per
hour), 33 g/h, 42g/h MGRs were applied for 8 hours in one day cycle to compare with
other cases in order to investigate the influence of moisture loads, ventilation rates,
indoor RH initial conditions, and the effects of forced convection on wood paneling

moisture absorption. These values of the MGR under the non-ventilated condition were
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chosen so that the indoor RH level could be kept in the range of 45% to 75%. This range
of RH level is close to the indoor environmental condition in real life, and ensures that
no condensation occurs. To maintain these RH levels in ventilated conditions, the MGRs
need to be increased. For the ventilated conditions, 42g/h, 58.5g/h, and 91g/h MGRs
were applied. The minimum MGR in ventilated tests was equal to the maximum rate in
the non-ventilated tests. These two test scenarios could make the ventilation condition
and non-ventilation condition comparable. The moisture generation time was set to 8
hours in a daily test cycle. This time period is consistent with most moisture buffering
studies, such as Rode et al. (2005), Osanyintola and Simonson (2006). In addition to the
tests with 8 hours moisture generation, one scenario with 24 hours MGR at 42g/h was
included. The main reason to have this scenario was to generate experimental data to

compare with the steady-state simulation results introduced in Chapter 7.

The initial condition of the indoor environment was also considered in three test
scenarios (cases 3, 5 and 6). The tests which were under non-ventilated condition were
repeated with the same load (42 g/h moisture generation rate) except for different
initial RH levels inside the test room. These three tests were set to study the influence of
initial indoor environment on wood paneling moisture buffering performance. The

detailed test parameters are presented in Table4.1.
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Table 4.1 Presentation of test cases and loading conditions

Test stage | Test Case | Ventilation | Moisture Moisture Initial Forced convection
Number | Rate Generation | Generation | Condition of using auxiliary fan at
(ACH) Rate (g/h) | Time (h) test room south wall
(%RH)
Series 1: 1 00 25 8 25% No
Non- 2 00 33 8 20% No
ventilated | 3 00 42 8 30% No
Tests 4 00 42 8 28% fan‘at low flow
5 00 42 8 23% No
6 00 42 8 33% No
Series 2: 7 0.5 42 8 25% No
Ventilated | 8 0.5 58.5 8 30% No
Tests 9 0.5 58.5 8 25% fan‘ at medium flow
10 0.5 91 8 25% No
11 0.75 42 8 30% No
12 0.75 58.5 8 30% No
13 0.5 42 24 28% No

Notes: 1. Each test includes two steps: step 1, non-hygroscopic; step 2, hygroscopic.
2. All tests were carried out with winter conditions of -5°C and 60% RH in the climate
chamber outside, with 20 °C and 34 %RH in the supply air at the inlet.

3. * Auxiliary fan at south wall to create air flow on the surface of the wall

4.2 Methodology of experimental tests

The moisture buffering performance of the wood paneling at room level was obtained
by calculating the moisture exchange in the wood paneling when it was installed on the
interior wall of the test room and the designed moisture loads applied in the room. In

order to get the change value, two test steps were performed for each defined room

71




condition: the non-hygroscopic material test (Fig. 4.1) and the hygroscopic material test
(Fig. 4.2). In the non-hygroscopic test, the plastic panel covered the wood paneling, so
there was no interaction between the test room and the building enclosure. Later, the
test was repeated with nothing changed except for the plastic panels being removed. It
was assumed that the same air leakage existed as in a normal residential building, but it
would not pass though the wall panel; so, the wall was made airtight (Fig. 4.3). Then, the
moisture changes inside the room between the two steps were deemed to have been

caused by the wood panel buffering.

Fig. 4.1 Non-hygroscopic test: wood panels were covered by plastic sheets (Plaskolite 4

mm X 1220 mm x 2435 mm)
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Fig. 4.2 Hygroscopic test: wood panels were subjected to moisture loads generated inside

the room.

Fig. 4.3 Joints between wood panels were sealed with elastomeric latex sealant.

The formula to describe the moisture balance about the two-step tests has been derived

in Chapter 3, and is repeated here for convenience.
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+ IQa W/ (O =w @)t +V - p, AW/ (O = w ()] =[w, () —w (1)]}  (3.49)

There are some advantages in using this methodology to obtain the moisture buffering
of the wood paneling. Firstly, the wood paneling was tested in the real room condition.
The test hut was designed and assembled with components used in the industry. The
experiment results represent the real situation. Secondly, the air leakage is difficult to
control and yet has influence on the experimental results. In this experiment, for the
two step test, since the temperature and RH value of the outside environment were

kept the same, i.e. w, =w”, where n denotes non-hygroscopic tests. Then the factor of
air leakage in the moisture buffering calculation is expressed by Qa[w;’ ®)—w,(?)] as

shown in Eqg. 3.49. This expression means that the experimental methodology allows the
measurement of the air leakage rate weighted by the difference of the indoor humidity
ratio between the two steps of tests. This method significantly reduces the error caused

by the uncertainty of the air leakage because the value of w(¢) —w,(¢) is much smaller

than the difference of the moisture content between the indoor and outdoor. Thirdly,
errors exist in the data recorded in the experimental studies. The effects on the results
of some sensors are especially large, such as at those placed at the inlet and the outlets
in this experiment. For this project, there are 33 RH&T sensors being used inside the test
room. The indoor humidity ratio presented as the last item in Eq. 3.49 can be calculated

by the averages of the humidity ratios measured from these sensors. For the inlet and
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outlet conditions, if it is assumed that for the same sensor, its measurement error is the
same in the different test steps, then this experimental methodology can largely reduce
the errors caused by the sensors measurement. As shown in Eq. 3.49, the calculation
related to ventilation includes mathematical expression of

(w,,

et ) =W (D) + (W, (1) — Wi (1)) . This expression indicates that in the
calculation of the moisture buffering amount, the measurement errors by the sensors

located at the inlet and outlet in the non-hygroscopic steps, i.e. the errors in item w?”

inlet

and w

outlet

and w”

outlet ?

will be mostly reduced by w,

inlet

measured in the hygroscopic steps.

In this section, the methodology of the experiment and its advantages are presented.
The equipment, monitoring system and the preliminary test results will be described in

the next section.

4.3 Test facilities and setup

4.3.1 Environmental chamber

The environment chamber used in this investigation consists of two large boxes and
specimen frames as shown in Fig. 4.4. The cold box is 7.5m high, 4.4 m wide and 3.6 m
long. The mechanical equipment (including a 5 ton screw compressor, 12,000 CFM
recirculation fan and 25 kW re-heating heater) can provide temperature control from -
40 °C to 50 °C. The hot box is of the same height and width as the cold box and it is 6.1m
in length. The temperature ranging from 5 °C to 50 °C and relative humidity between 10
to 90% can be controlled. The hot and cold box can be joined together to form a large
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(7.5m high by 4.4m wide by 10.5m deep) climatic chamber (Fig. 4.5). The walls of the
chamber are made of 150 mm foamed polyurethane boards, laminated between 0.8
mm aluminum sheets outside and 0.8 mm stainless steel sheets inside (Fazio et al 1997).

Fig. 4.6 shows a photo taken from the outside of the chamber.

3,6 m 6m
-40°C to 50° C 5°C to 50° C
10 t0 90 % R.H. . 10 to 90 % R.H.
Metering
Box
= -
gt = Fo] -

707 777 Specimen up to 4,1 mby 7,2 m B
Cold Box - fixed in frame Hot Box

Fig. 4.4 Schematic representation of Environmental Chamber (from Fazio et al., 1997)
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Fig. 4.5 Two-story test hut inside Environment Chamber (From Fazio et al., 2007)

76



Fig. 4.6 Outside view of environment chamber

4.3.2 Test hut

The first floor of the two-story test hut which was built during the Annex 41 sub-project
to study the buffering impact on indoor environment (Yang, 2010) and moisture
transport inside rooms (Vera, 2007) was used in this experiment. The objectives and
methodology in this thesis experiment were different from the previous buffering
impact study. Some parameters investigated and results obtained from the previous
studies, such as some heavier moisture loads in ventilation condition, which were not
carried out in this thesis experiment, can be utilized to supplement this study. A more

detailed description about the test hut, the specification about the test sensors and the
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relative nominal can be found in the Annex 41 report (Fazio et al., 2007) listed in the

references.

Fig. 4.7 shows the configuration of the test room with the dimension of 3.62m long by
2.44m wide by 2.43m high. The wall system was built in the way of a typical residential

construction, and its main components are listed in Table 4.2.

Environment
Inlet
Chamber Water
Pum Data
Table P Acquisition Test
| System Room
I | — Auxiliary fan
Foyer \ adjacent tg
| = interior surface
izzon of south wall /<\
\L S Moisture - — Outlet
: L ) S;urce S S AH T
i = s —= P
JE—— — //
Bh) / RN A
7 Ef
- Electric Heater

Fig. 4.7 Configuration of the test room connected with ventilation and moisture

generation system
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Table 4.2 Constituent layers of the wall assembly

Wall layers Material

Outdoor surface Vinyl siding

Air cavity 19 mm air

Air/weather barrier Tyvek house wrap

Sheathing Plywood (12.5 mm thick)

Stud cavity Studs (2""x6") 24" cc and glass-fibre batt insulation
Vapor barrier Polyethylene (0.15mm)

Indoor surface Gypsum board (12.5mm) and wood paneling (17.5
material mm)

The inner layer of the west wall and east wall were covered with wood paneling; the
rest of interior surfaces were covered by moisture impermeable material: 0.8 mm thick
aluminum sheet (see Fig. 4.2). RH&T sensors, moisture pins, and thermocouples were
embedded in the wall system (see Fig. 4.8) to monitor the wall’s hygrothermal response.

The details are described in the next section on monitoring.

PVC siding ﬁgﬁ—* Sheathing
Alr cavity XQ T - Finishing material
b~ et |
Stud cavity q}/«” E * |
1 = | Stud cavity
5" |l e L eathin:
o . Lo | ~ Sheath
T =R i -1 | Finishing material
1 Q: = - s il 180m AIr cavi 9
113 m) .
. ] I
i o i PVC sidi 7 7
| | A — i siding ———————
1 - A o . b~ | 062m 7
* - . I T /
i (m] bR A M E 3
243m }. /% /
! T 7
i B e L]
! .- é‘/ - WEST WALL Z i
| -
. |k —
I T B 0.075m 0.05 m
oa0m [ | A
ﬁ m ISOMETRIC VIEW OF SENSOR LOCATIONS WALL DETAIL
a Thermocouples & Thermocouples ® Thermocouples and moisture  ® RHsensors in - O Moisture content and EThermocouples on
in the air on the clading pins on the sheathing the stud cavity thermocouples the finishing material
on the finishing material

Fig. 4.8 Wall systems with sensors (from Fazio et al, 2007)
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The entrances of the test room were located at north side. To avoid the disturbance of
the entrance and to store the data acquisition system and moisture generation setups, a
foyer room was built and; it was heated and subjected to outdoor winter weather
condition during testing (see Fig. 4.5). At the bottom and back of the entrance door, an
electrical baseboard heater (1 kW capacity) was attached. The heater was controlled by

a thermostat to maintain the designed temperature inside the room.

4.3.3 Ventilation system

A closed-loop ventilation system, designed by Yang, Fazio, Ge & Rao (2011), circulated
and conditioned the room air in this experiment. The system consisted of air handling

unit (AHU), insulated piping, as well as inlet and outlet on the walls.

r ______________ Controller
H |
(A air supply to o
\&/ testroom D D COFRHPEYTH:_EIWB.
eheating
|
|
| Manually
I 7 control
i A7) :
RH and T measurements /. |
|
measurements and control I
duct system o [
LY 8 }
equipments o — |
|
Compartment C| B) } i
Pump k_-)\'\. 3
Vs from liquid
l) @) temperature bath
valve to laminar -
flow ®) -~
control X
the air element B |
) filter flow rate  \LFE) Vot
v P . 18 ) . =
—_— e ———{\ Compartment A: =
return air - - = | Dehumidification
from test room ‘
digital airflow water tank
measurements

Fig. 4.9 Diagram of AHU (Air Handling Unit) (from Fazio et al., 2007)
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The AHU (Fig. 4.9) maintained the conditions of supply air. The air (with water vapor)
from the test room passed through a LFE (Laminar Flow Element) and went into the AHU
chamber. A gate valve located between the LFE and the pump (6) could be turned
manually to adjust the flow rate. Inside the AHU, the air passed through a liquid-to-air
heat exchanger (4) which was cooled by the chilled water at constant temperature
provided by a recirculating chiller (Fig. 4.10). Condensation on the dehumidifier was
collected by the water tank and measured by a load cell located beneath the water tank.
The cool and dehumidified air was heated up again by a heater (7) regulated by a PID
(proportional integral and differential) controller to the desired temperature. The

conditioned air was then supplied to test room through the insulated pipe (Fig. 4.10 b).

b) Insulated pipe transports the supply and
return air

a) Recirculating chiller

Fig. 4.10 Equipment and pipe used in ventilation system

The position of the inlet and outlet inside test room can be seen Fig. 4.11. The inlet
located at a higher position on the north wall with 1770mm distance to the ceiling. Its
dimension was 96.5mm long by 21.8mm wide. The outlet had two openings into ducts

which joined behind the wall panel. It was located on the south wall at 172mm distance
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from the floor. Its dimension was 135mm long by 85mm wide. The distance of the

centers of the two openings is 301mm.

Ceiling

170mm | k3
B Fremm
|——1
96.5|mm Inlet
i
i

Middle of the north wall

Middle of the south wall
|

|
Outlets

85 mm

i

H |
H

|
130 mm 1
|

Floor

Fig. 4.11 Location and dimensions of inlet and outlets (from Fazio et al., 2007)

4.3.4 Moisture Generation System

The moisture generation system provided and monitored the water added into the test

room. Three parts as shown in Fig. 4.12 completed the system. Distilled water in the

water tank was pumped at a controlled flow rate into the stainless steel recipient. This

recipient was heated by a hot plate and the content evaporated immediately. The water

pump and hot plate were controlled on and off simultaneously by a multi-segment

programmable timer. The water pump (peristaltic pump) was set at a set number of

rotations per minute (RPM). The corresponding water amount pumped by the number

of RPM is listed in Table 4.3.
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Fig. 4.12 Moisture generation system

Table 4.3 Water transport amount corresponding to RPM (round per minute)

Corresponding water
RPM Pumped (gram/hour)
8.25 14
15 25
20 33
25 42
35 58.5
55 91

4.4 Monitoring and measuring

Over 200 sensors were used to monitor the hygrothermal responses. The sensors were
sampled by a Data Acquisition System (DAS) and data were stored in a computer. The
sensors set up and measurement were grouped and introduced according to their type

and location in the test hut.
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4.4.1 Inside Test Room

There were totally 33 RH&T sensors distributed inside the test room to measure the
temperature and RH for the air, as shown in Fig. 4.13. The test room was divided by a
grid of 6 along north-south direction and by 5 along west-east direction. The grid lines
were denoted by letters (A, C, D, E, F, G) and numbers (1, 2, 3, 4, 5) respectively. 13
poles were positioned on some grid points as shown in Figure 4.13. The positions of
these poles are shown as the small solid circles in the figure. For each pole, up-to three
sensors were installed at heights of 62 mm, 124 mm and 185 mm from the floor,
corresponding to the number of 1, 2, and 3 respectively. The sensors were labeled by
the position of the pole and the height on the pole. For example, sensor A_11 was
located on the pole on axes A and 1, and at the first height of 62 mm from the floor.
After the preliminary test, some RH&T sensors were moved, but the name of labels did
not change. Figure 4.13 shows the distribution of the RH&T sensors in the experiment.
All the RH&T sensors except for the one marked by the big solid circle near the moisture
source in Figure 4.13 are the RH&T HMP50 with an accuracy of 2% (Fig.14a). The big
solid circle is the RH&T HMT333 with the accuracy of 1% (Fig. 14b), and is named as
RH_room1 in the experiment. The temperature and RH values measured by these
sensors were used to calculate the moisture content in the air in Eqg. 3.49, and the
measurement of sensor RH_room1 was utilized to represent the indoor environmental

condition in the comparison of RH changes in different test cases.
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Fig. 4.13 RH&T sensors distributed in the test room
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Fig. 4.14 RH & T sensors used in the experiment: a) HMP50 Temperature and RH Probe
and b) HMT333 Humidity and Temperature Transmitter (both from Vaisala)
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4.4.2 Sensors in wood paneling

Totally, 36 pairs of gold-plated copper pins were embedded in the wood paneling (Fig.
4.15). These moisture pins measured the wood’s moisture contents. Since the moisture
pins can only provide one-point information, and in this experiment the moisture
distribution inside the wood paneling was not uniform, then there is a limitation using
this measurement to calculate the moisture absorption amount by the wood paneling.
These sensors measurements were utilized to monitor the moisture content changes

but not for the calculation in this experimental study.

i

Fig. 4.15 Moisture pins utilized in the experiment (from Fazio et al., 2007)

4.4.3 Sensors inside stud cavities

In order to monitor the disturbance of temperature and relative humidity level inside
the wall system, 14 RH&T sensors (Fig. 4.8) were installed at the centers of several wall
cavities 2" from the drywalls. These sensors monitored the influence of the heat and

moisture generated in the room on the temperature and RH distribution across the wall.
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4.4.4 Inlet and outlet

Two RH&T sensors (HMT333) were installed inside the pipes to both the inlet and outlet
to monitor the condition of supply air and return air. These data were used to calculate
the moisture taken in/away by the ventilation system. The position of the RH&T sensors

is shown in Fig. 4.16.
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Fig. 4.16 Locations of RH&T sensor for outlet and inlet (from Fazio et al., 2007)

4.4.5 Other places

The thermocouples were attached on the electrical baseboard heater and on the cover
of the hotplate to measure the temperature. This measured data was used in the

numerical simulation.

There were some other RH&T sensors and thermocouples located inside AHU, buffer

room zone, outside of test hut. These sensors were used to monitor the experiment
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operation and to make sure the test functioned normally. Their measurements were not

used in the experimental data analysis.

4.5 Preliminary Test Results

In this section, the preliminary experimental results are presented. As explained in
previous sections, this experiment consists of two test steps, the non-hygroscopic test
and hygroscopic test. In order to save the experimental testing time, all the non-
hygroscopic tests were conducted first. Then the non-hygroscopic covers (plastic sheets)

were removed, and the second steps of the tests were carried out.

The test results are shown from the observations of the indoor humidity changes first.
The impact of the ventilation rate on indoor environment has been investigated by
many other researches (Sandberg 1983; Roulet et al. 2002; Feriadi 2003). This
experiment confirms this impact on indoor humidity level changes obtained by the
ventilated condition cases. The moisture content changes inside wood paneling
correspond to the room environment change and are illustrated by the measurements
of the moisture pins embedded under the surface of the wood paneling. To precisely
evaluate the wood paneling moisture buffering performance, the airtightness of the test
room is investigated. The air leakage rates of the room under different indoor
temperatures are evaluated. Finally, summary of the experimental protocol is

presented.
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4.5.1 Moisture changes and distributions inside test room

The changes of the relative humidity of air inside the room are not the same under
different test conditions, and the moisture distribution inside the room is not uniform.
For the hygroscopic test, the moisture is generated at the center of the room, diffuses to
the whole room, and interacts with the envelope system. Figs. 4.17 and 4.18 show the
relative humidity and temperature changes at the different locations from the beginning
of the moisture generation in case 3 which is non-ventilation, 42 gram/hour MGR, and
winter outdoor condition (-5 °C and 60 %RH). The differences among RH measured inside
the room can reach to a maximum of about 10%. The temperature disturbances caused
by the hot plate can be observed. The average room temperature rises half degree

inside the room during the moisture generation.
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Fig. 4.17 RH distribution inside test room measured at different locations (see Fig. 4.13

for locations) in case 3 (00ACH, 42g/h)
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Fig. 4.18 Temperature distribution inside test room measured at different locations (see

Fig. 4.13 for locations) in case 3 (0OACH, 42g/h)

The change of the ventilation rate influences the relative humidity level inside the test
room. This change can be seen from Fig. 4.19, where, for the same generation rate of
42g/h, the indoor relative humidity level increases by 26.5% at 0.5 ACH and by 23% at

0.75ACH. The higher the ventilation rate is, the lower the indoor RH increases.
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Fig. 4.19 RH changes in the test room at ventilation rates of 0.5ACH and 0.75ACH
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4.5.2 Changes in the moisture content of the wood paneling

Variations in moisture contents of the wood paneling can be observed from the
moisture pins measurements. For wood material, the electronic measurements based
on pairs of metal probes/pins inserted into the materials are accurate for the moisture
content range between 7% to the fiber saturation point (FSP) at about 28%. The
utilization of metal probes to study the moisture changes inside the wall system has
been widely adopted such as Teasdale (2006), Maref et al. (2003), and Simonson (2005).
The advantage of using the electrical resistance measurement method is that it can
directly obtain the moisture content in the dynamic transfer process. However, in this
research, the whole panel moisture ab/desorption amount needs to be determined. The
moisture distribution in the vertical, horizontal, and transverse direction will not be
uniform during the transient moisture transfer process. The point measurement of the
moisture pin is of limited value in the whole panel moisture change calculation. So the
moisture pin calculation method was not used in the experimental analysis, but the pins
were used to monitor the moisture changes inside the wood paneling. Fig. 4.20 shows
the moisture content changes in the case of 00 ACH ventilation rate, 42 g/h MGR, and
winter outdoor condition. The sensor notation adopted from the SRO project (Fazio et
al. 2007) consists of three parts separated by underscores. The first part identifies the
type of the sensor, and gMC1 in the figure means a resistive moisture content probe.
The second part indicates the panel name where the sensor is located, for example, E1
means the first panel of the East wall. The third part shows the height index of the
sensor. Ten heights were used with the index of 10 to 90. From Fig. 4.20, an average of
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1% to 2% increases of moisture contents at the surface of the wood paneling is

observed.
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Fig. 4.20 Moisture contents measured by moisture pins in case 3 (00 ACH, 42g/h)

4.5.3 Temperature and humidity levels inside wall cavities

The measurements by the RH&T sensors located inside the wall cavities are shown in
Fig. 4.21 and 4.22 for the case of 00 ACH, 42g/h MGR and winter outdoor conditions. For
the RH&T sensors inside the cavities, a similar notation of the moisture pins was utilized.
The notation of the RH&T sensor consists of three parts: the first part is the type of the
sensor; the second part is the panel name where the sensor is located, for example, W2
means the second panel of the West wall; the third part is the height position of the
sensor in the cavity. The height of the cavity is divided into 4, and index 1, 3, and 5

denote the height position of the 3 separation points from the ceiling to the floor. From
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Figs. 4.21 and 4.22, a half degree temperature rise was observed, which corresponds to
the indoor environment change caused by the hot plate. But the RH value in the cavities
does not have significant change, which means that the vapor diffusing through the
vapor barrier is a very little amount, and this is further studied by the numerical

simulation presented in Chapter 7.
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Fig. 4.21 RH variations measured by RH&T sensors inside wall cavities in case 3
(00ACH, 42g/h)
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Fig. 4.22 Temperature variations measured by RH&T sensors inside wall cavities in

case 3 (00ACH, 42g/h)

4.5.4 Repeatability of the test results

Differences in moisture responses of hygroscopic materials between the first and the
two subsequent test cycles were found in some other studies (e.g. Osanyintola and
Simonson, 2006). However, in this thesis research, the difference among the different
cycles was found to be insignificant (Fig. 4.23). This insignificant difference was due to
the consecutive tests in the hygroscopic tests. In the experiment, the formal test was
preceded by a three-month preliminary test to examine the experimental setup and
systems (ventilation, moisture generation, data acquisition, sensors function). During
the preliminary test, the wall system was periodically subjected to room factor changes
similar to those applied in the formal experiment at the same outdoor conditions (-5 °C,
68 %RH). The preliminary test ensured that the wood paneling was exposed to
representative real life conditions and duration before the formal test began. Since the
same wood paneling was used in the experiment, these repeated preliminary tests
subjected the wood paneling to repeated load cycles similar to the consecutive cycles
applied in other studies mentioned in previous sentences. Figure 4.23 shows no
moisture response difference between the first and the two subsequent cycles in a

preliminary test.
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Fig. 4.23 Three cycles test measurement in the preliminary test showing no moisture

response difference between the first and the two subsequent cycles

4.5.5 Equilibrium state in the case with 24 hours moisture generation

Fig. 4.24 and 4.25 show the measurements of indoor relative humidity and temperature
in case 13. In this case, the moisture is generated at the rate of 42 g/h for 24 hours, and
the ventilation rate is 0.5ACH. It is observed that under this test condition, the indoor
temperature and humidity levels do not change at the end stage of the moisture
generation. The heat and moisture have reached to equilibrium state. At this stage, the
amount of the heat and moisture generated from the source is balanced with the
amount losses through the ventilation, air leakage, and diffusion through the envelope.
The whole system is under steady state. The measurements of the temperature and
relative humidity levels were utilized to validate the simulation work which is introduced

in Chapter 6.
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Fig. 4.25 Indoor temperature changes in casel3 with 24 hours moisture generation time

4.5.6 Investigation on air leakage of the test room

Air leakage occurs in the test hut. The moisture losses due to the infiltration and

exfiltration can be calculated through the product of the mass flow rate of the air and
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the difference in humidity ratios between the infiltrating air and exfiltrating air. Under
non-hygroscopic tests, after the moisture generation, the vapor pressure inside the
room is higher than the outside. Fig. 4.26 shows the indoor RH level changes for the
cases of non-ventilated condition at different test conditions. In the first 8 hours of the
test, the indoor RH level increases as the moisture is generated from the moisture
source. After the 8th hour cycle, the indoor humidity level begins dropping due to the
air leakage. The air leakage rate is calculated through the decreases of the humidity
ratio after the moisture generation stops in the non-hygroscopic tests with non-
ventilation conditions. After the 8th hour, the decline of the moisture content in the test

room is caused by the air leakage and is governed by:

Q-w=—V(dw/dt) (4.1)
where Q = air leakage rate (m3/min)

w= humidity ratio (g/kg)

V= volume of the test room (m?)

t = time (min)
Since the experimental data was recorded every 5 minutes, the unit in the leakage

calculation is adopted as m>/min rather than m?/s.

Integration of Eq. 4.1 gives:

o)=L (%)
6w (4.2)
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where wy is the humidity ratio at the time when moisture concentration begins

recording.
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Fig. 4.26 Increases of indoor RH measured by sensor RH_room1at the center of the room

in cases 2 (33g/h), 3 (42g/h), and 4 (42g/h, with auxiliary fan on)

The expression of the air leakage rate is a natural logarithm function over time. To avoid
measurement errors at the moment when the moisture generation stopped, the data
collected in the last 10 hours (14th hour to 24™ hour) in a daily cycle is used in the

calculation. Eq. 4.2 for cases 1 to 6 is calculated and plotted in MATLAB (Fig. 4.27).
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Fig. 4.27 Air leakage rates in cases 1-6 (red for case 1, green for case 2, blue for case 3,

cyan for case 4, yellow for case 5, and black for case 6).

Fig. 4.27 shows that in each test case, the air leakage rate is about constant in the
moisture decay period. The air leakage rates in cases 4 and 5 (Fig. 4.27) are higher than
the rates in other cases. The higher leakage rates are due to the higher temperature in
these two test cases. Fig. 4.28a shows the air leakage rate against the room
temperature. A higher indoor temperature results in a relative higher air leakage rate,
but the difference is only 0.002 m3/min. The constant air leakage value in each test case
and the consistent air leakage calculation result in the test cases with same indoor
temperature indicate that the evaluation of the air leakage rate for the test hut is
reliable without significant uncertainty. And as previously elaborated, this uncertainty in
estimating the air leakage will not bring significant error in the calculation of moisture

buffering effect for the two test series methods. Therefore, the linear relationship
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between the air leakage rate and temperature is estimated by the least square method
and is plotted as Fig. 4.28b. This linear function is applied to the ventilated test cases

according to the average temperature in those cases.
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4.6 Summary

In this chapter, the experimental setup, protocol, and preliminary results have been
presented. The objectives of the experiment are to study the moisture buffering
performance of wood paneling at room level, to investigate the influence of room
factors on the buffering effect of wood paneling and on the indoor environment with
the buffering effect of the wood paneling. The experiment consisted of 13 tests (Table
4.1): series 1, consisting of tests 1 to 6, had no ventilation in the test hut; series 2,
consisting of tests 7 to 13, had ventilation. Each test was carried out in two steps. In step
1, the walls were covered with plastic sheets to avoid interaction between the
hygroscopic material (wood paneling) and the moisture in the air. In step two, two of
the walls with wood paneling were exposed to the air in the room. The moisture
buffering performance of wood paneling under different test conditions can be
calculated and presented in terms of the moisture ab/desorption kinetic curves, whose
equation expression has been deduced. The test conditions are the different
combinations of the room factors including ventilation condition, moisture generation

loads, and the initial condition of the indoor relative humidity.

The preliminary results of the experimental tests have been presented in this chapter.
The measurements of the indoor RH&T sensors show that the relative humidity and
temperature inside the room are not uniformly distributed. The data from the moisture
pins embedded inside the wood paneling indicate that the moisture content inside the

wood paneling increases as the moisture is generated inside the room, and decreases
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after the moisture generation stops. The moisture diffused through the vapor barrier to
reach the wall cavity is only a small amount while the temperature inside the cavity
increases and decreases corresponding to the indoor temperature changes. This
information is obtained from the sensors inside the wall cavities. The air leakage of the
test room is investigated through the decreases of the indoor moisture level after the
moisture generation stops. The correlation of the air leakage rate with the indoor

average temperature is obtained.

The following chapter presents the experimental results of moisture buffering
performance of wood paneling at different room conditions. The experimental analysis
of the indoor environment influenced by the room factors and the moisture buffering

effect caused by the wood material is performed.
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CHAPTER 5

EXPERIMENTAL RESULTS OF MOISTURE BUFFERING
PERFORMANCE OF WOOD PANELING AND ITS EFFECTS ON
INDOOR ENVIRONMENT

The preliminary test results in Chapter 4 show that the moisture distribution inside the
test room is not homogenous. In order to take into account the non-homogeneous
condition of indoor humidity, and therefore reduce sensor’s measurement errors, the
mathematical expression of the moisture buffering performance of wood paneling is
developed in this chapter. A new index, EDRH (Effective Dampened Relative Humidity),
is used to represent the moisture buffering effect of wood paneling on indoor
environment. The experimental results including the buffering performance under
different test conditions, the buffering effect influenced by room factors, and the
magnitude of the room level buffering effect related to the characteristics of the
structure are discussed. The discussion is based on the mathematical expression and
calculation. The data analysis shows that the moisture response of the hygroscopic
material at room level varies in different test scenarios. This variation is influenced by
room factors, including ventilation conditions and the amount of moisture generation,
and to a lesser degree by the indoor initial humidity conditions. Hence, the buffering

effect cannot be predicted based on the material performance alone.
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5.1 Mathematical expression of Moisture Buffering Performance (MBP) and
Effective Dampened Relative Humidity (EDRH)

The moisture buffering performance of the wood paneling, which is defined as the
dynamic moisture ab/desorption process during the test circle, can be expressed as Eq.
3.49, in Chapter 3. Since all parameters in the equation can be measured and
determined by the sensors in the experiment, this equation represents a moisture
ab/desorption curve as the function of time (t). Because the initial value of the moisture
absorption is zero in the experiment, the maximum value of this equation can represent
the moisture absorption performance. In this thesis, in some circumstances, the
maximum value of Eq. 3.49, instead of the entire 24 hr temporal profile of
ad/desorption, is used to represent the moisture buffering performance of the wood

paneling.

The preliminary test results show that the moisture distribution inside the test room is

not homogenous. The moisture distribution inside the room is a function of space and

time, i.e.:
Wi(t):Wi(x’yazat) (51)
w;' (8) = w;' (x,y,2,1) (5.2)
w; (ty) = w;(x,¥,2,t,) (5.3)
w; (t) =w/' (x,¥,2,1)) (5.4)

Then in Eq.3.49, the indoor humidity ratio is calculated as the average value of all the

RH&T measurements.
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Taking into account the non-homogeneous moisture distribution inside the test room, a
new index, Effective Damped Relative Humidity (EDRH), is defined in this thesis to
represent the moisture buffering effect caused by the hygroscopic material inside a
room, which in this project is the wood paneling. Since this experiment investigates the
dynamic moisture exchange between the wood material and its surrounding air, as well
as its buffering effects, the highest RH value dampened by the hygroscopic material, i.e.
the EDRH index is used to indicating the buffering effects. This index refers to the
maximum difference of the average relative humidity in the test room between the two

test conditions, and is expressed as:

*
})t AvVTT'IaX (5-5)

EDRH =
P *(0.622+Aw, )

where P; is the barometric pressure (Pa), and P is the vapor saturation pressure at 21°C,

Aw_is the difference of average humidity ratio increases in the air within the test hut

max

between non-hygroscopic and hygroscopic tests and can be calculated from the

measurement data by:

Awmax=ﬁMAX{vajwf(t)—_vajw;(O)j—(vajwj(t)—zpvjmj((»} (5.6)

where pis the air density at 21°C, Vis the room volume, j is the jth RH&T sensor, w; is

the humidity ratio measured by jth sensor, v; is the volume around jth sensor and equals
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to 1/33 of the room volume for all j values, and k is the total number of the RH&T

sensors in the test room and equals to 33.

5.2 Moisture buffering performance of wood paneling under non-ventilated

conditions

In the non-ventilated test stage, the air supply vents of the test room were blocked. The

test room was subjected to moisture loads at different generation rates with different

initial conditions and with or without an auxiliary fan to produce forced convection on

the surface of the south wall. There were a total of 6 test cases in this stage as listed in

Table 4.1. The purpose of these tests was to investigate wood paneling moisture

responses under different room factors and to compare the performances to cases in

the second stage in which ventilation was applied.
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Fig. 5.1 Moisture absorbed by wood paneling in case 1 (25g/h MGR, 25%RH initial
condition, as show in Table 2), case 2 (33g/h, 20%RH) and case 3 (42g/h, 30%).
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Fig. 5.1 shows the temporal profiles of moisture absorption in the first three cases with
the measured moisture generation rates (MGRs) at 25.8 g/h, 32.7 g/h, and 42.2 g/h,
respectively. The maximum amounts of moisture absorbed are 98 gram, 127 gram and
140 gram, respectively. It is expected that the moisture absorbed by the wood paneling
increases as the MGRs increase in the tests. The higher MGR results in a higher humidity
level in the test room, which leads to higher moisture absorption. In case 1, a total of
206 gram of water is evaporated into the room, 47.5% of which is absorbed by the wood
paneling. The corresponding percentages in cases 2 and 3 are 48.6% and 41.5% with
respect to the evaporated water amount of 261 gram and 337 gram, respectively. In
each test case, part of the moisture is absorbed by the wood paneling, part of the
moisture exfiltrates through air leakage, while the rest of the moisture remains in the
room air after the 24-hour test period. The high humidity level at the end of the test
period stops the wood paneling from releasing the absorbed moisture and return to its

initial moisture level as shown in Fig. 5.1
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paneling(g)
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Fig. 5.2 Moisture absorbed by wood paneling in cases 3, 4, 5, and 6 (with the same 42g/h
of water evaporation rate, with 30%, 28%, 33% and 25% initial RH, respectively, and

with the auxiliary fan on in case 4).

Fig. 5.2 shows the moisture responses in the wood paneling in cases 3 to 6. These four
test cases have the same MGR of 42 g/h, but with different initial room conditions or, as
in case 4, with the auxiliary fan turned on. The maximum moisture absorbed in these
four test cases is 139 gram, 150 gram, 133 gram and 135 gram, respectively. Case 4 has
the highest maximum moisture absorption, and its release slope is steeper than the
other three cases. In case 4, the air movement in the test room caused by the fan helps
the wood paneling to absorb more moisture during the generation period and to release
moisture faster during the decay period. The differences in the moisture absorption of
the other three cases are small. This indicates that the initial room condition has only a
small effect on the maximum moisture absorption amount in the wood paneling. The
small difference in the moisture absorption may be attributed to the nonlinear isotherm
absorption property of the pine used for wood paneling. For the same moisture load,
with different starting points, the nonlinear absorption property of wood material

results in different levels of moisture absorbed.

In all 6 cases, moisture absorption of the wood paneling continues after the moisture
generation ends, since under non-ventilated conditions, the indoor humidity levels do
not drop immediately after the moisture generation stops, thus allowing the wood

paneling to continue to absorb moisture. Table 5.1 lists the maximum moisture
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absorption amount and its corresponding time in each case. The moisture generation
ends at the 8th hour, and the maximum moisture absorption in these non-ventilated

cases occurs at hour 10.2 to 11.6. An average of 3 hours delay is observed.

Table 5.1 Maximum moisture absorbed by the wood paneling in a 24 h cycle and

corresponding time in non-ventilated test cases

Case Time required for maximum moisture absorption to
Number | occur
Moisture Maximum moisture | Time (h)
generation rate | absorption(gram)
(g/h)
1 25 98.1 10.8
2 33 126.8 10.2
3 42 139.6 11.5
4 42 149.5 10.5
5 42 132.5 11.6
6 42 134.0 11.2

5.3 Moisture buffering performance of wood paneling under ventilated

conditions

Fig. 5.3 shows the ab/desorption responses of wood paneling based on the calculation
of Eq.3.49 using experimental data. Comparing with non-ventilated condition tests,
ventilation has a significant effect on the maximum moisture absorbed by the wood
paneling. The MGRs in tests under ventilated conditions are equal to or larger than
those in the non-ventilated conditions tests. Except for case 10, in which the generation

rate reaches 91 g/h, the amounts of maximum moisture absorbed in this test series are
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less than the amounts in the previous test series (cases1-6). This reduction in moisture

absorption is due to ventilation which reduces the indoor humidity level.
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Fig. 5.3 Moisture absorbed by wood paneling in ventilated cases

The moisture buffering performance of wood paneling at room level is influenced also
by the MGRs and indoor initial humidity levels. In case 7, with a ventilation rate of 0.5
ACH and a MGR at 42 g/h, the maximum moisture absorbed (102 grams) over 8 hours is
14 grams less than that of case 8 with the same ventilation rate, but a higher MGR of 58
g/h. With the same ventilation rate, a higher MGR results in a higher indoor humidity
level. Consequently, the wood paneling absorbs more moisture. This process can also
be observed in case 10, in which the generation rate is 91 g/h and the amount of
maximum moisture absorption amount reaches 173 gram. Fig. 5.4 shows that in these
three test cases the indoor RH increases since the moisture begins generating. Under

the same ventilation rate of 0.5 ACH, the increases in the indoor relative humidity levels
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are 26%, 32.5% and 43% and the moisture absorption amounts are 102 gram, 116 gram
and 173 gram, respectively, corresponding to MGRs at 42 g/h, 58 g/h and 91 g/h. hence
the moisture absorbed by the wood paneling increases as the MGR increases. However,

the increases in absorption are nonlinear with respect to the increases of the MGRs.
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Fig. 5.4 Indoor RH increments in the hygroscopic test of cases 7 (0.5ACH, 42g/h), 8
(0.5ACH, 58.5g/h), and 10 (0.5ACH, 91g/h)

Under non-ventilation condition, the auxiliary fan at the south wall helps the wood
paneling to absorb moisture faster during the uptake stage and to release moisture
faster after the moisture generation ends. A similar influence is observed under the
ventilation condition. About 25% more moisture is absorbed in the case with the fan on
(case 9 compared to case 8). This higher absorption is not caused by the higher indoor
humidity level. In fact, when the fan is turned on, the indoor RH increases are lower as
shown in Fig. 5.5. Two reasons lead to the lower indoor RH level in case 9. One is the

result of the more moisture absorbed by the wood paneling, and the other one is that
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the fan makes the indoor moisture content more uniform, which increases the

ventilation efficiency. Even with a lower indoor humidity level, the moisture absorbed is

higher. This absorption increase would indicate that the forced convection caused by

the fan can significantly increase the moisture exchange between the wood paneling

and its surrounding air.
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Fig. 5.5 Indoor RH increments in the hygroscopic test of cases 8 (fan off) and 9 (fan on)
both with 0.5ACH, 58.5g/h

5.4 Investigation of moisture buffering effect on indoor environment

Under the same MGR, the ventilation rates of 0.5 ACH and 0.75 ACH have different

impact on the moisture absorption of wood paneling and on the indoor environment. It

is expected that the higher ventilation rate provides a faster air movement in the test

room, and results in more moisture absorption. However, the moisture responses of the

wood paneling depend not only on the condition of the wall surface, but also on the

112



indoor environment. Fig. 5.12 shows that under 42 g/h MGR, the indoor RH increases,
measured at the same RH&T sensor (sensor room-1) at 0.5 ACH (case7) and 0.75 ACH
(case 11), are 26% and 23%, respectively. The higher ventilation rate carries away more
moisture and results in a lower indoor humidity levels. The lower humidity level makes
the wood paneling absorb less moisture. The moisture amount absorbed by the wood
paneling at 0.75 ACH is 10 gram less than that at 0.5 ACH (Fig. 5.3). On the other hand,
the less absorption helps to increase indoor humidity levels. This opposing influence can
also be observed in the lower ventilation rate of 0.5 ACH. For the same MGR, the indoor
humidity levels at 0.5 ACH ventilation rate are higher than those at 0.75 ACH case due to
the lower moisture amount carried away; then this higher RH level results in a higher
moisture absorption amount in wood paneling. Again, the higher absorption dampens
the indoor humidity level. This process is the buffering effect, and it keeps the indoor
environment at a balance. In summary, the ventilation rate varies the indoor humidity

level, and this variation is dampened by the hygroscopic material.

The influence of ventilation on the indoor environment can also be seen in the non-
hygroscopic test for which there is no hygroscopic material interaction involved. In the
non-hygroscopic test of cases 7 (0.5ACH, 42g/h) and 11 (0.75ACH, 42g/h) as shown in
Fig. 5.12, the RH levels increases are by 35% and 32%, respectively. Without the
influence of the hygroscopic materials, the MGR has a larger impact on the indoor
humidity levels. Compared with the hygroscopic tests, about 8% RH increase in case 7

and 9% RH increase in case 11 are observed. The dampened RH by the hygroscopic
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material is the moisture buffering effect. The RH increases measured at different
locations are noted to vary in each test case. For example, in the hygroscopic test, the
RH increase measured by sensor C31 is 28% in case 7 and 24% in case 11 (Fig. 11).
Whereas sensor RH_room 1 is observed to measure 1.5% different from sensor C31 in
case 7 and 1% difference in case 11. In order to take into account the non-
homogeneous indoor moisture distribution and avoid sensor’s measurement errors, the
average dampened RH based on Eq. 5.5 is adopted to represent the moisture buffering

effect caused by the wood paneling.
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Fig. 5.6 Indoor RH increment measured at two locations in the hygroscopic cases 7

(0.5ACH, 42g/h) and 11 (0.75SACH, 42g/h)
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experiment

Fig. 5.7 EDRH in all test cases 1-12 calculated from Eq. 5.5

In Figure 5.7, a significant difference of the moisture buffering effect between the non-
ventilation condition (case 3) and ventilated condition (cases 7 to 12) can be observed.
For the same MGR of 42g/h, the dampened relative humidity is 32.8% for the non-
ventilated condition of case 3, 8.9% for the 0.5 ACH conditions of case 7, and 10.5% for
0.75 ACH condition of case 11. When comparing the wood paneling moisture responses
in these three test cases, it can be noted that the dampened RH does not change in
accordance with the wood paneling’s moisture response. Over 8 hours, for the non-
ventilated condition of case 3, the wood paneling absorbs 131 grams of moisture which

is 29 grams more than the moisture absorbed in cases 7 and 45 grams more than the
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moisture absorbed in case 11. The large value of the different moisture buffering effect
between the non-ventilated condition (case 3) and the ventilated condition (cases 7 to
12) indicates that the indoor environment changes between the hygroscopic and non-
hygroscopic steps in the non-ventilated test series are quite different from those in the
ventilated test series. The dampened RH in non-ventilated cases is from 23% to 33%,
while the EDRH in ventilated cases is only from 9% to 17%. This difference is partially
caused by the presence of the hygroscopic material, which has different moisture
buffering performance under different room conditions. It is also caused by the
influence of the ventilation: for the non-hygroscopic test step, the indoor environment
changes significantly under the non-ventilated condition, as shown in Fig. 5.8. Figure 5.8
shows that for the same moisture load, the non-hygroscopic test has much larger RH
increase than the hygroscopic test. This is one reason why the EDRH in non-ventilated

cases has higher values than in ventilated cases as shown in Figure 5.7.
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Fig. 5.8 Indoor RH increment in the non-hygroscopic and hygroscopic tests of case 3
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The influence of the ventilation on moisture buffering effect can be seen from another
point of view. Under the same ventilation rate of 0.5ACH, cases 7 (0.5ACH, 42g/h), 8
(0.5ACH, 58.5g/h) and 10 (0.5ACH, 91g/h) have different moisture absorption amounts
due to the different MGRs. When their absorption amounts are compared with the
corresponding EDRH values, the influence of ventilation on moisture buffering effects
can be observed. The moisture amounts absorbed by the wood paneling in these three
test cases are 102 grams, 116 grams, and 173 grams, respectively. If there were neither
ventilation nor air leakage, by calculation, these amounts of moisture removed from the
room would represent a dampening effect of 25.7%, 29.2%, and 43.5% in the RH of the
room, respectively, at 21°C. However, due to ventilation, the EDRH values from Figure
5.7 are only 8.9%, 13.2%, 17.6% for each case. Hence, the moisture buffering effects are
reduced significantly by the ventilation conditions. This reduction can be seen in other

ventilated test cases as well.
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Fig. 5.9 Indoor RH increment in the non-hygroscopic and hygroscopic tests of cases 8

(0.5ACH, 58.5g/h) and 9 (0.5ACH, 58.5g/h, with fan on)
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The larger buffering effect due to the more moisture absorption in the higher MGR
cases can be observed by comparing case 10 (173g, 32.8%), which has the largest MGR
of 91g/h, to all other ventilated cases (Fig. 5.7); case 8 (116g, 13.2%) to case 7 (102g,
8.9%) with an MGRs of 58.5g/h and 42g/h, respectively, and the same ventilation rate of
0.5ACH; and case 12 (125g, 13.7%) to case 11 (92g, 10.8%) with MGR of 58.5g/h and
42g/h, respectively, and the same ventilation rate of 0.75ACH. An exception to this
relationship that the more moisture absorption can result in significant buffering effect
is case 9 (13.8%) with an MGR of 58.5g/h and a ventilation rate of 0.5ACH, yet, in case 9,
the wood paneling absorbs 130 grams of moisture, which is 14 grams more than the
amount absorbed in case 8. This exception is attributed to the influence of the fan in
case 9. Fig. 5.9 shows the RH measurements in the non-hygroscopic steps and
hygroscopic steps in these two test cases. In the hygroscopic test of cases 9, the smaller
increases in the indoor RH correspond to the larger moisture absorption. Whereas, the
improved ventilation efficiency in case 9 due to the auxiliary fan results in a lower RH
increment in both the non-hygroscopic and hygroscopic steps. Overall, the EDRH value
in case 9 is about 5% higher than the EDRH in case 8. From these results, it is deduced
that the fan can increases the moisture absorption by about 10% and the EDRH by

around 5%.

5.5 Discussions

The moisture buffering performance of wood paneling at room level reflects the

moisture sorption isotherm of the panel material and is influenced by the room
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ventilation and the local conditions of the air near the material surface. Table 5.2
summarizes the moisture absorbed by the wood paneling, the increases of indoor RH
levels caused by moisture generation, the ratio of moisture absorbed to RH changes,
and the EDRH values in all the test cases. Under both non-ventilated and ventilated
conditions, the moisture absorbed increases as the indoor RH rises, which corresponds
to the sorption isotherm curve of the material. The ventilation lowers the indoor
humidity, which reduces moisture absorption. For example, under non-hygroscopic
tests, comparing cases 3 and 7, which have the same MGR of 42 g/h, case 3 with the
non-ventilated condition has a relatively larger indoor RH increment (60 %) than the
ventilated case 7 (35 %). This trend is consistent with the notion that, since more
moisture remains in the test hut under the non-ventilated conditions, the more
moisture is absorbed by the wood paneling. It is noted that values of moisture absorbed
per unit increase in RH in the non-ventilated group are relatively larger than those in the
ventilated group (Table 5.2). The increases in the ratio of moisture absorbed over RH
increases may be explained by the fact that under non-ventilated conditions, the peaks
of RH increases last longer, thus increasing moisture absorption (the nominator). This
higher moisture absorption can be verified by observing the column of "ratio of
moisture absorbed/ moisture generated" in Table 5.2, in which the percentages of
moisture absorbed by wood paneling over the total moisture generated amount in the

non-ventilated group are larger than those in the ventilated group.
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One would anticipate that the higher air movement near the walls in ventilated cases
should result in greater moisture absorption compared to that in the non-ventilated
cases. However, this change in air movement for 0.5 ACH does not appear sufficient to
cause a significant difference in the moisture absorption by the paneling. When
moisture is generated, under non-ventilated conditions, the air movement near the wall
surfaces is generated by natural convection due to the temperature difference between
the wall surface and the indoor air, while under ventilated conditions it is a mixed
convection with a low air flow coming from the inlet. Although it is difficult to quantify
the differences in these two conditions, it may be assumed that their differences may

not be significant.

These differences in air movement and in moisture absorption become significant,
however, when an auxiliary fan is introduced to agitate directly the air over the panel
surfaces as it was done in test case 9. This case has the largest proportion value, 5.0 g/%
in Table 5.2. The premise that the fan improves absorption by the wood paneling can
also be observed from the moisture sorption kinetic curves, Figures 5.2 and 5.3, in which
cases 4 and 9 have the steepest rates of moisture absorption and release among the

cases with the same moisture generation rate.

The presence of the hygroscopic material brings a significant change to the indoor
environment, which can be seen from the comparisons of indoor humidity levels

between non-hygroscopic and hygroscopic tests. The difference between these two
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tests can be expressed by the EDRH index. The EDRH values in the test cases vary from

8.8 % to 17.5 % under ventilated conditions and are much larger under non-ventilated

conditions, for instance, it is 32.8 % in case3. These high EDRH values indicate that the

moisture buffering effect caused by hygroscopic material at the indoor surface layer of

the enclosure is not negligible, and has to be taken into account in the prediction of the

indoor environment.

Table 5.2 Moisture absorbed by wood paneling, their proportion to the moisture loads,

and the indoor RH level increments in all test cases

Ventilati | Case # | Ventilati | Moisture Moistu | Ratio of Increase in | Moisture EDRH
on on rate generatio | re moisture indoor RH | absorbed values
condition (ACH) n, (gram) | absorpt | absorbed/ (%)* per unit
S and fan® ion, moisture increase in
condition (gram) | generated RH (g/%)
(onor (-)
off)
Non- 1 0 (off) 206.6 98.1 0.474 | 17.2 5.7 23.9%
ventilate | 2 0 (off) 261.8 126.8 0.484 | 25.3 5.0 28.3%
d test 3 0 (off) 337.5 139.6 0.413 | 27.8 5.0 32.8%
cases 4 0 (on) 336.2 149.5 0.444 | 27.4 5.5 30.5%
5 0 (off) 342.2 134.8 0.393 | 33.9 4.0 25.6%
6 0 (off) 342.9 132.5 0.386 | 24.1 5.5 31.1%
Ventilate | 7 0.5 (off) 334.5 102.2 0.305 | 26.5 3.9 8.9%
d test 8 0.5 (off) 468.7 116.1 0.247 | 31.5 3.7 13.2%
cases 9 0.5 (on) | 472.2 130.5 0.276 | 25.9 5.0 13.9%
10 0.5 (off) | 729.2 173.3 0.237 | 43.4 4.0 17.6%
11 0.75 (off) | 338.3 92.0 0.271 | 23.8 3.9 10.5%
12 0.75 (off) | 466.3 125.1 0.268 | 28.6 4.4 13.6%

* An RH increment is the measured difference between the indoor RH values at the start and

end of the moisture generation cycle.

¢ Auxiliary fan at south wall

However, this buffering effect is not the dominant factor on the indoor humidity level

for the ventilated tests. The room factors, i.e. the MGR and the ventilation rate,

dominate the variation in the indoor environment. The buffering effect can only

dampen this variation. This relative impact of various factors on the humidity level can
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be seen from the comparison of the indoor environment change in any two pairs of
ventilated test cases in Figures 5.10-5.13. At the ventilation rate of 0.5 ACH, the indoor
RH level at the location of the RH&T sensor room-1 in the non-hygroscopic tests varies
by 7 % due to the increased MGR from 42 g/h to 58.5 g/h (Fig. 5.10). The difference of
this RH level in the hygroscopic tests is 5 %. Hence, about 2 %RH is dampened due to the
presence of the hygroscopic material. At a ventilation rate of 0.75 ACH, the same
increase of MGR from 42 g/h to 58.5 g/h produces differences in the RH value of 8 %
and 5 % in the non-hygroscopic tests and hygroscopic tests, respectively (Fig. 5.11). For
this case, the dampened RH value is 3 %. Figures 5.10 & 5.11 show that the indoor
humidity responses of the test hut to the 130 g moisture load corresponding to an 8 h
MGR is about 7 and 8 %RH variation at the relative low ventilation rate of 0.5 and 0.75
ACH, respectively; and the wood paneling has the buffering effect of dampening the RH
by 2 and 3% out of the 7 and 8 %RH variation, respectively. Similarly, a change in
ventilation from 0.5 to 0.75 ACH results in a RH variation of 4 % at a MGR of 42 g/h and
of 3 % at a MGR of 58.5 g/h (Figures. 5.12 and 5.13). By inspection of these two figures,
the buffering effect caused by wood paneling is about 1 % in Figure 5.12 and less than 1
% in Figure 5.13. From the above comparisons, it is observed that the room
characteristics can cause up to 8 % variation in RH levels and that wood paneling can

moderate these variations by up to 30 %.
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5.6 Conclusions of the experimental investigation

The subject of moisture buffering has received considerable attention in the last decade.
Some studies advocate the use of moisture buffering to moderate indoor humidity and
to reduce energy consumption, while others indicate that the buffering effect may not
be so significant in moderating indoor humidity levels. The main reason for the
inconsistent findings is the lack of large-scale experimental investigation on the
hygroscopic material buffering performance at the room level and its impact of this
performance on the room environment. The whole building simulation may present the
moisture transport process inside the room and into the enclosure, but many
assumptions limit the analysis of the influence of room factors on the material buffering

performance and the corresponding buffering effect.

This large scale experiment studies the room level moisture buffering performance of
wood paneling and its buffering effect on the indoor environment. The study shows that
the moisture response of hygroscopic material at room level varies under different room
conditions. This variation is influenced by the room factors, including ventilation
conditions, moisture loads, and to a more limited extent, by the indoor initial humidity
conditions. For example, at 0.5 ACH ventilation rate, when moisture load increases from
42g/h to 58.5g/h, the moisture absorption amount of the wood paneling increases by
10%; with an auxiliary fan blowing against one of the walls, the absorption amount

increases to 30%.
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The moisture buffering effect of the wood paneling is related to its moisture responses
at the room level. However the buffering effect cannot be predicted based on the
material performance alone. When EDRH, defined as the highest RH value dampened by
the hygroscopic material in the experiment, is used to represent the moisture buffering
effect caused by the wood paneling, it shows that this value is related to the moisture
absorption amount, the moisture generation conditions, the ventilation rate, and even
the ventilation efficiency. By studying the relationship of the wood paneling buffering
effect, its room level performance and the room factors, it is found that room factors

are the dominating factors for the variation in the indoor environment.

By comparing the moisture buffering differences between the non-hygroscopic test and
hygroscopic test, the study shows that this buffering effect is not negligible in the
prediction of the indoor humidity level. At a ventilation rate of 0.5 ACH and MGR of 42
g/h, the indoor RH level is dampened by 8% by the wood paneling; while at a ventilation
rate of 0.5 ACH and 91g/h, the dampened level reaches 17%. When the moisture load in
the test room is increased from 42g/h to 58.5g/h, at a ventilation rate of 0.75 ACH, the
indoor humidity increases by 8% and the moisture buffering of the wood paneling
dampens the RH by 3%; while at the moisture load of 42g/h, the change in ventilation
rate from 0.5 ACH to 0.75 ACH causes the indoor humidity to decrease by 4%, and the

dampening of the RH, caused by wood paneling, by 1%.
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From the above comparisons, it is observed that the room characteristics can cause up
to 8% variation in RH levels and that wood paneling can moderate these variations by up

to 30%.
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CHAPTER 6

DEVELOPMENT OF COUPLED CFD MODEL FOR
WHOLE BUILDING HEAT, AIR AND MOISTURE (HAM)
TRANSPORT

In this chapter, the simulation model is introduced. The main purpose of the simulation
is to calculate the indoor temperature and humidity levels taking into account the
influence of wood paneling's moisture ad/desorption in a single numerical environment.
In the experiment, the wood paneling was used as the interior finishing of the wall and
was subjected to the air movement and humidity condition changes inside the room.
The experimental results show that the moisture interaction between the wood
paneling and indoor air is not negligible, and the dominant factors influencing the
indoor environment are the room factors of moisture loads and ventilation conditions.
The numerical model is first validated for the experimental test conditions, and then it is
used to investigate the influence of more room factors on the indoor environment and

on heat/moisture transport inside the wall system.

In this chapter, the simulation objective and review of the application of the COMSOL in
building science studies are introduced first. The development process of the numerical

model and its comparison with experimental results follow.
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6.1 Numerical simulation in COMSOL

6.1.1 Objectives of the numerical simulation

The moisture transport in whole building can be simulated either by zonal-model or by
coupled CFD model. For zonal-model, only the average indoor conditions and the
average performance of the walls can be simulated. The CFD model has the advantage
that overcomes the limitation of the zonal-model, but encounters another limitation. In
currently available CFD software, there is no CFD model that the simulation of mass
transfer can be extended from fluid region to solid region directly. In the whole-building
moisture transport studies, the mass coupling between the indoor environment and the
wall system is achieved by third party programming. Basically, the moisture flux on the
surface of the wall calculated by CFD is used as the input for the wall model to
determine the distribution of the moisture inside the wall material at each time step,
and the mass fraction on the wall surface is calculated and sent back to the CFD model

as the boundary condition for the next time step.

As reviewed in Chapter 2, in the Annex 41 research project (2004-2008) of the
International Energy Agency (IEA), which was carried out to explore the complex physics
governing the whole building heat, air and moisture (HAM) transfer, there were several
models developed throughout this initiative to couple 3D CFD simulations with
hygrothermal models of walls. For instance, Neale et al. (2007) solved the heat and
moisture transport in air and porous materials by developing a simplified hygrothermal

model in MATLAB that was coupled to FLUENT software. By using this model, the

129



moisture surface coefficient is calculated and compared with the Chilton and Colburn
analogy results. But the finite difference model is difficult to extend or modify to fit new
simulation conditions. Steeman et al. (2009a) used the effective penetration depth
(EPD) approach to couple CFD and moisture transport inside the wall. By using this EPD
model, the profile of indoor temperature and relative humidity can be obtained in the
whole building simulation, and the local moisture behavior of the wall can be evaluated.
While the EPD models do allow the simplified quantification, it has been argued that the
reliance on the moisture penetration depth concept necessitates comprehensive
material properties (Janssen and Roels, 2009). In the EPD model, the penetration depth,
which is an estimation value based on the calculation of the sudden moisture level
change on the surface of the material, has to be known in the model. This may limit the

application and accuracy of the model.

Besides the Annex 41 project, other recent studies were carried out to couple CFD
simulations with hygrothermal models of walls. Amissah (2005) coupled a 1D HAM
model to a low-Reynolds number k—e turbulence model, with independent execution
and information exchanged at every time step. The HAM model supplied realistic
boundary conditions for the CFD simulation, while CFD results supported direct
modeling of convective mass transfer. Erriguible et al. (2006) coupled indirectly a 2D
CFD model with a 2D hygrothermal material model. In these models, similar limitations
can be found, and the main reason is that all these models are not simulated in one

single simulation environment.
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The objective of this thesis numerical simulation is to establish a coupled CFD model in a
single simulation environment to study the HAM transport in the test hut influenced by
the room factors. The experimental investigation presented in previous chapters shows
that the moisture ab/desorption by the wood paneling has significant influence on the
indoor environment, and the indoor temperature and humidity profiles vary under
different test conditions. These test conditions consist of several parameters of the
room factors including moisture generation rates and ventilation conditions. To predict
indoor temperature and humidity levels, both the influences of the inner hygroscopic
material of the wall (wood paneling in the experiment) and the room factors need to be
taken into account. Even though the experimental work has extensively investigated the
relationship of indoor environment changes with the room factors in the non-
hygroscopic and hygroscopic tests, the parameters tested in the experiment and
moisture transfer through the wall system are not fully investigated due to the
limitation of the experimental facility, of the methodology and even of the time
constraints in carrying out the tests. So a numerical method is utilized to further
investigate the indoor environment and moisture transport process in the test room and

inside the wall system influenced by the moisture loads and ventilation conditions.

In this chapter, a numerical model is presented, which couples CFD simulation of
momentum, heat, moisture transport in the test room with the diffusion process of
heat/moisture in the wall system. By utilizing this model, the distribution of the

temperature and relative humidity inside the test room, the velocity profiles along the
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wall surfaces and the ventilation condition including not only the ventilation rates but
also the vent positions can be studied. Currently, numerical simulations model only
steady-state processes. The numerical model was developed based on test case 13 with
the 24 hour moisture generation period in which the indoor temperature and humidity
level reached to equilibrium state. The implementation of this model and the

parameters investigated by the model will be presented in detail in the next chapter.

To develop this model in a single simulation environment, the COMSOL software, a
partial differential equation (PDE) based simulation environment, was used. In the
following section, the introduction of this software and the application and validation of

the COMSOL models for moisture buffering studies are reviewed.

6.1.2 Multi-physics models of COMSOL

Many science and engineering problems can be described by PDEs (Partial Differential
Equations) and studied by simulation techniques. COMSOL (COMSOL 2008) is a powerful
interactive environment for the modeling and solving these equations. In the COMSOL
environment, the PDEs can be defined in the coefficient form, general form and weak

form.

For a single dependent variable u, a linear or almost linear PDE is given in the coefficient

form as follows (COMSOL 2008):
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ou

daE+V-(—cVu—0m+y)+ﬁ~Vu+au:f in Q (6-1a)
n-(cVu+au—-y)+qu=g—h"u on Q (6-1b)
hu=r on Q (6-1c)
where

d, is the mass coefficient

cis the diffusion coefficient
o is the conservative flux convection coefficient
Pis the convection coefficient

a is the absorption coefficient

y is the conservative flux source term
fis the source term

q is the boundary absorption coefficient
g is the boundary source term

1 is the Lagrange multiplier

In the coefficient form, the physical terms such as advection fields and sources are easy
to identify. However, this form is not suitable for nonlinear problems due to the
linearization algorithm. A general form is provided for the nonlinear problems in

COMSOL as:
V- =F in Q (6-2a)

—n-F:G+(Z—R)T,u on Q (6-2b)
u

133



0=R on Q (6-2c)

wherelI’, I, G, R are coefficients which can be functions of the spatial coordinates, the

solution u or the space and time derivatives of u .

There are many application modes available in the COMSOL environment that are built
based on the PDEs. These modes, such as acoustics, diffusion, and heat transfer, provide
predefined templates and interfaces that are easy for users to set up the simulation
environment for that area of physics. For some particular fields of physics, the
specialized modules are provided with the standardized terminology, material libraries,
and the equations adapted to the specific area. For example, in the Chemical Module,
the porous media flow can be described by the Darcy’s law application mode or by the
Brinkman equations application mode. The former is a common approach for the mass
and momentum transport in a homogenous porous media, while the latter is for the

case where the transport of momentum by shear stresses in the fluid is of importance.

COMSOL has especially provided the ways for building multi-physics models for the
coupled field analysis. This coupling can happen in the sub-domains or on the
boundaries. In the sub-domain the COMSOL multi-physics feature can combine two or
several application modes or PDEs into a single model by adding them to the simulation
environment. For the coupling on the boundaries where PDEs are needed to describe

the boundary, the weak form can be used.
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The name of the weak form is derived from mathematics. In the Finite Element Analysis,
a PDE is multiplied by a test function and is then integrated. By using integration by
parts and applying the Neumann boundary condition, the weak form of the PDE is
obtained. The weak formulation poses a weaker condition on the solution than the

strong formulation. The general form of the weak formulation in COMSOL is given as:

oR
0=[(Vv,-T, +v,F)dA+ [v/(G, + o4, )ds (6-3a)
Q

50 U

0=R on Q (6-3b)

m

Note that the only automatically generated field variables are the shape function
variables as default when the weak solution form is used. The test function variables,
their space derivatives, time derivatives, and coupling variables can be defined in the

software.

The three forms of the PDE description in COMSOL provide sufficient methods to
present many scientific and engineering phenomena. In this thesis, the multi-physics
feature of the COMSOL is utilized to model the momentum, heat and moisture transport
process in the whole test hut. The simulation domain includes the room sub-domain and
wall sub-domain. Before presenting the model development in detail, the application
and validation of the COMSOL software in building science are reviewed in the next

section.
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6.1.3 Review of COMSOL application in building science

COMSOL has been used as a simulation tool in the building science research study
recently. Van Schijndel (2008) established a simulation environment implemented in the
software package MATLAB with the use of Simulink and COMSOL to model the dynamic
heat, air and moisture processes in buildings and systems. The moisture transport
through the wall system was modeled in COMSOL by taking advantage of its
multidisciplinary application that COMSOL model can be exported directly to MATLAB
and its family products and become an integral part of the dynamic system simulation.
In that research, the reliability of the COMSOL simulation in building physics was
evaluated through two different building problems, a 2D dynamic air flow problem and
a 1D dynamic non-linear moisture transport in a porous material problem, and validated

by the experiment measurements.

In the CRD project, Li, Rao, Fazio (2009) simulated moisture transport process across the
2D cross section of wood frame wall systems. The developed model coupled the
moisture transport under non-isothermal condition and with the heat transfer for the
wall assemblies. The governing equations for these two processes are defined as Eq.6.4
in which the air convection in the insulated cavity was calculated through the Darcy-
Boussinesqg equation or incompressible Navier-Stokes equation depending on the

appropriate situation (Li, Rao, Fazio, 2009).

oP. dP op
C—~=V(-o “VT)+V|(K,-6,P,——)VP,. |+V(u- 6-4
8t ( pq) dT ) (( i P~ sa 6P ) sucj ( pv) ( a)

suc
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P
(o€, +1C,) 5= v[m + Lvé,,qo%wr) FV(LO, P, LVP,)=V(p,C, 1)

(6-4b)

The vapor and liquid transport with the air convection effects inside the wall assembly
was included in the model. The wall assembly reflected the wall system situation in the
CRD project. This COMSOL model was compared with the benchmark cases of HAMSTAD
project and WUFI-PRO simulation results, as well as the experimental data obtained in
the CRD project. The comparison showed good agreement between the COMSOL

simulation and the others.

Lin (2007) used COMSOL to build a 3D model simulating the temperature distribution
and air flow inside a dome covered zone and compared with his own 3D-TAF model. The
dimensionless momentum and energy equations were derived by adding the buoyancy
effect into the Navier-Stokes equation and by balancing the change in energy as equal to
the heat source minus the diffusive heat flux. Combined with mass conservation, the
governing equations described the absorption of solar radiation over the exterior wall
surface, the conductive heat transfer through the wall, and the convective heat transfer
due to the temperature changes inside the dome zone. By setting appropriate solver
parameters, the converged solution was obtained and compared with the 3D-TAF
model. Close agreement between the calculation of 3D-TAF model and the result of

COMSOL simulation was found.
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The application of COMSOL multi-physics and its coupling models validation can be
further found in other studies, such as the study of the heat storing capacity of concrete
walls with air cavities by Zhang and Wachenfeldt (2009); benchmarking the robustness
and accuracy of COMSOL solver by Pepper and Wang (2009); the modeling of gas flow
through porous sandstone and its experimental validation by Perera et al. (2011); and
the numerical simulation of variably saturated flow with comprehensive geochemical
reactions in two- and three-dimensional domains by Wissmeier and Barrya (2011). The
studies reviewed above showed the reliability of the software as a simulation tool to
perform multi-physics analysis in building science. In the following section, the
development of the numerical model simulating the test room condition, the coupling
process of the air movement inside the test room, and the heat/moisture transport

inside both the test room and the wall system regions are presented.

6.2 Establishing a numerical model to simulate the test room

6.2.1 Mechanism of Heat, Air and Moisture (HAM) transport in the experiment

The objective of the simulation is to investigate the influences of room factors including
moisture loads and ventilation conditions on the HAM transport inside the test room
and the wall system. To numerically study these influences, the relationship of the room
factors and the quantity of the temperature and humidity level in the test room and
inside the wall need to be mathematically described and solved. To establish the

relationship in the numerical model, especially in the CFD model which needs large
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computational resources, the problem needs to be defined with some assumptions. The
assumptions made about the system should not affect the accuracy of the mathematical
model. The problem’s spaces, i.e. the simulation domain and sub-domains are
introduced in this section, the governing equations and the coupling process, as well as

some assumptions are explained in the following sections.
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Fig. 6.1 Configuration of two-story test hut in the environmental chamber

Figure 6.1 shows the schematic drawing of the test hut in the environmental chamber.
As described in the experimental protocol, all the surfaces of the room except for the

east wall and west wall are covered by the aluminum metal sheets and, thus, have no
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moisture interaction with the indoor air. The wood paneling is mounted on the east and
west wall surfaces to study the buffering effect caused by the pine wood. The
heat/moisture source, including a hot plate and a steel recipient located at the center of
the room, provides moisture loads on the test room. The test room is heated by an
electric board installed below the door sill on the interior. The test room is ventilated by
the air handling unit. The inlet is located at the top of the center line of the north wall,
170mm from the ceiling, and the outlets are at the bottom of the south wall, 130mm
from the floor. In the experiment, the investigated ventilation rates are 0.5 and

0.75ACH.

The air movement in the test room is driven by two forces. The ventilation system
generates the air velocity in the inlet and exhausts the air from the outlet. Ventilation is
the first cause of the indoor air movement. However, since the ventilation rate is
relatively low in the experiment, the velocity at the inlet is small. For the 0.5ACH
ventilation rate, the average air velocity at the inlet is 1.4m/s. The other force driving
the air movement is the buoyant force caused by the hot plate at the center of the room
as the heat/moisture source in the experiment. To identify the relationship of the two
forces, the Reynolds and Grashof numbers are calculated. The ratio of Grashof number
to the square of Reynolds number is about 0.75, which indicates that a mixed
convection is occurring during the testing. The Gr number is about 1.5x1011, which

implies that the air flow is turbulent.

For moisture transport, the moisture generated from the steel recipient is transported
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by the convection mechanism inside the room, and interacts with the wood paneling. At
the steady state, part of the moisture diffuses through the wall system, and the rest is

exhausted through the outlet. The heat has a similar transport process.

The simulation domain should include the interior space of the test room and the wall
system. In this thesis study, only the steady state is simulated. For the wall, the wood
paneling is considered as a separated, independent sub-domain, while the rest of the
wall layers are another sub-domain. To take advantage of the symmetry of the test
room, half of the room is simulated in the geometrical model. Three simulation sub-
domains are Sub-domain 1 corresponding to the test room, sub-domain 2 representing
the wood paneling, and sub-domain 3 for the rest of the wall layers respectively, as

illustrated in Figure 6.2.

In sub-domain 1, the convection of heat and mass (moisture) are coupled with the
turbulent momentum. Between sub-domains 2 and 3, the heat/mass transfer inside the
wall system is coupled with the indoor heat/mass transports through the continuity of
the fluxes on the wall surfaces. The governing equations in the three sub-domains and

their coupling process are presented in the following sections.
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Fig.6.2 Schematic of the simulated room, showing the three sub-domains and the
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6.2.2 Governing equations and coupling process

The air movement inside the test room is turbulent with mixed convection condition as
analyzed in the previous section. In COMSOL, two turbulence models are available: the
k-€ model and the k-w model. Theoretically, the k-€ model is based on the assumptions
that the Re number is moderate or high and the turbulence in boundary layers is in
equilibrium. The k-w model provides a better prediction in the free shear flows close to
wall, but is less accurate in the free-stream flow simulation. In addition the k- w model is

harder to reach convergence. Meanwhile, the accuracy of CFD simulation results is
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related not only to the turbulent model selection, but also it depends on the wall
surface conditions. The wood paneling wall surface in the experiment is a non-smooth
surface, and thus both the turbulent models may bring in some simulation errors.
Between k-€ and k-w, k- € has more advantages for this simulation model. In this 3D
simulation of the momentum, heat and mass coupling in different regions, using k- €
model is a fair trade-off of saved computational resources compared to the more

complicated turbulence model.

For the k-€ model, the governing equations for the momentum transport inside the test

room can be presented as:
pV-VYW =V -[PI+n+n,)VV +(VV) =Q2/3)(V-V))-Q2/3)pxd]+F  (6.5)
V-(pV)=0, p=pH,T) (6.6)

where yis the velocity (m/s), P is static pressure (Pa), Pg is the reference pressure (Pa),

[ is the body force (N/m?3), I is the unit tensor (-), p is the density (kg/m?) of the moist

air, nris the turbulent viscosity (N-s/m?) calculated by:

n, = ,oCyk2 /e (6.7)

where is a model constant (-), which is equal to 0.09 in the model, k is the turbulent
kinetic energy (m?/s®), and is the dissipation rate of turbulent energy (m?%/s®) which are

determined by:

ok 1
pE—V (m+n,/0,)Vkl+ pU -V = E77T(VU+(VU)T)2 - pe (6.8)
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o,V lo+n o )Vel+ pU-Ve =%Cd %77T(VU+(VU)T)2 —C,,pe’ 'k (6.9)

yo,

where C,,,C,,, o,,0_are model constants (-) and are equal to 1.44,1.92, 1.0 and 1.3

el? e

respectively.

These governing equations describe the turbulent mixed convection of indoor air
movement in the sub-domain 1. Since the buoyancy force is one of driving forces, the air
density as a function of indoor temperature distribution inside the test room is given
together with the Navies-Stokes equation as Eqg. 6.5-6.9, and the z direction of the body
force in this equation is equal to that of gravity. To account for the turbulent
characteristics of the flow, the viscosity of the fluid is defined by the software function
eta, which is a function of indoor temperature. The sub-domain settings of the k- €

turbulent model are shown in Figure 6.3.

Figure 6.3 shows the interface of COMSOL in defining the room sub-domain regarding
the k-g¢ turbulence model settings. The turbulent model is selected from the software,
the parameters describing the test room conditions are defined according to the test
room conditions. The air density is an internal function of COMSOL, and it is a function
of pressure and temperature. In the experiment, the pressure is assigned to the
standard atmospheric pressure, and the temperature is room temperature T which is
calculated from the heat transfer model. The viscosity of the air is also an internal
function and is a function of indoor temperature. The body force in Eq.6.5 is calculated

by the product of the density and gravitational acceleration.
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Subdomain Settings - k-€ Turbulence Model (chns)

Equations

pusV)u = Ve[-pl + (1 + Np)(Vu + (V) - (2/3)(V o) - (2/3)pkI] + F

Va(pu) = 0, p = pip,T)
pusVk = Ve[ + 1y [0,) VK] + 1yP(w) - (2pk(3)V eu - pe

pusVe = Vel + np/ocIVe]l + (C €/RNPlw - 2pk/3)Veu] - Cezpe2.rk

where Pw) = Vu(Vu + (Vu)) - (2/3)(Vew?, and ny = pCukzre

[ Subdomains | Groups [ Physics | stabilization | Init | Element | Color |

Subdomain selection Fluid properties and sources/sinks
1 (dlefault) = Library material: |Air |v| | Load... |
Quantity Value/Expression Unit  Description
P [rho@®o[1/Pal TF1/KDka/mA3] | kgsm? Density
n |eta(Tf[1,fKD[Pa*s] | Pa:s  Dynamic viscosity
| F, [0 | nym® Volume force, x dir.
hd F, 0 | nym® volume force, v dir.
Group: = F.  |grrho_chns | nym® Volume force, z dir.
[]Select by group
[¥] Active in this domain
[ ok || cancet || apply || Hep

Fig. 6.3 Interface of sub-domain settings for momentum transport inside the test room

The heat and moisture transports in this sub-domain are governed by the equation of

heat transfer and of the mass convection and diffusion as follows:

V- («(K+K)VT)=0—pC,V-VT (6.10)
where T is temperature (K), Q is the heat source (W/m?), K is the thermal conductivity
(W/(m-K)), C, is the specific heat capacity (J/kg-K) of the moist air, and is the

turbulent conductivity (W/m-K), which depends on the turbulent Prandtl number (Pry)

and turbulent viscosity,

K, =C,n./Pr, (6.11)
V-(~-DVc)=R-V Ve (6.12)
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where D is the diffusion coefficient (kg/m>:s), ¢ is the moisture concentration (kg/m?),
and R is the reaction rate for mass species (kg/m*-s).

The coupling procedure among momentum, heat and mass transport is achieved by
solving the equations above. The simultaneous computation of the parameters
associated with air velocity, heat and moisture transport, enables in fact to build a
coupled model. The air density in the momentum transport equation is calculated using
the temperature given by the heat transfer equation; while the velocity in heat and
mass transport equations and the turbulent kinetic viscosity in heat transfer equations

(Egs. 6.10 and 6.11) are based on the momentum equation.

The governing equation of the heat transfer in sub-domain 2 is the heat conduction

equation:

V-(~KVT)=0 (6.13)

The conductivity of wood paneling is measured in a previous project (Wu, Fazio,

Kumaran, 2008) and given in Appendix A.

The governing equation of the moisture transfer in wood paneling can be deduced by
the mass conservation. In this sub-domain, the moisture storage rate is equal to the
divergence of the moisture flux. For the steady state simulation, the storage rate is

equal to zero, and then the governing equation has the form:

%:v.(_évpv):o (6.14)
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where § is the permeability of the wood (kg/Pa-s-m), and P, is the vapor pressure (Pa).

In the governing equation, in order to have the same variable with the one used in
indoor mass transport, moisture concentration c, instead of the variable P,, the Eq.6.14

need to be further deduced as:

0=V-(-6VP)
=V-(=6V(¢P,,))
=V-(-6(P,VP+¢VP, mt))

=V-(-6 Larye 5¢ WVT)
ép

=V-(=6 me) V(5¢ mfvr)
sp

(6.15)

where ¢ is the relative humidity (-), § is the moisture capacity of wood (kg/kg), p is the
density of the wood (kg/m3), and P is the saturation vapor pressure (Pa). The
relationship of the relative humidity and moisture capacity can be found in Chapter 3.
The saturation vapor pressure is a function of temperature (ASHRAE 2005), and is given

(when T-273.15 >0 °C) as:

P, =exp(~5.8002206x10° /T +1.3914993 — 4.8640239 x 107> * T + 4.1764768 107 * T2
—1.4452093x 10 * T3 + 6.5459673 * log(T)) (6.16)

In COMSOL, the convection and diffusion equation of mass has the form:

V.-(-DVc)=R-V -Vc (6.17)

Since in the wood paneling, the air velocity is zero, comparing with Eq.6.15, the

coefficient D and R are obtained as:
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P
D=5 (6.18)
sp

dP
R=V-(6p—2VT 6.19
(0p—-VT) (6.19)

Note that the coefficient D in fact is the moisture diffusivity, as presented in Section

3.1.4.

The continuity of the mass flux is the boundary condition of mass transfer for the
interior boundary between sub-domains 1 and 2 as presented in Eq.20. This continuity
assumption is the same as the ones in other models which are currently utilized in many
HAM transport studies as reviewed in section 6.1.1, such as the EPD model, and MC

model.

th = Qhw (620)

where gy, is the moisture flux calculated on the wall surface based on indoor humidity
gradient, and gy, is based on the humidity gradient inside the wall.

For the heat coupling between the sub-domains 1 and 2, the thermal wall function, a
heat flux defined as Eq.6.21, connects the heat transfer equations in the two sub-

domains.

PO AT, 1)

= (6.21)

where g is the heat flux (W/m?), C, and k, are the model constants (-), T, is the
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temperature at wall (K), and dimensionless temperature 7+ is calculated by

7 = o7y +
k, (6.22)

where k, is the von Karman constant (-), is a model constant (-), and is a
dimensionless wall offset (-).

The coupling process of the heat transfer between indoor air and the wall is shown in
Figures 6.4 and 6.5. The heat flux of the thermal wall function in the sub-domain 1 is
calculated by Eq.6.21 as shown in Figure 6.4. This flux is input as the inward heat flux in
the wall sub-domain as shown in Figure 6.5, but with a negative sign. In this way, the
continuity of heat flux is achieved between the indoor air and the wood paneling. Note
that in Figure 6.5, the second item of the right side of the boundary equation is zero, so

h is set to zero, and the value of Ti,; can be set as any value.

i Boundary Settings - General Heat Transfer (htgh) x|

Equation

0.25 0.5
“ne(-(k + kp VT = pC,C, g5, - TH/T

[ Boundaries | Groups Boundary Condition | Highly Conductive Layer | Elsment | Color |
Boundary selection EBoundary sources and constraints
2 =] Library coefficient: | |V|| Load |
9 P
10 Boundary condition: | Tharmal wall function =
11 ] Quantity Value/Expression Unit Description
i; i 3 ky kO_chns m?js?  Turbulent kinetic energy
= =
T Ts S Wall temperature
m By m wall offset
| O] 6w+ dwplus_chns Wall offset in viscous units
-
croer [t
[[]Select by group
[ ] Interior boundaries

[ ox || Ccancel H Apply || Help |

Fig. 6.4 Boundary settings on the room side of the interface of heat coupling between

indoor air and wood paneling

149



Boundary Settings - General Heat Transfer (htgh2)

Equation

-ne(-kVTs) = qg + h(Ty,; - TS)
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Boundary condition: |Heat flux |v|
13 (wall) ; - ] i
14 || Quantity Value/Expression Unit Description
15 dg [~cpwf_htgh | wym®  Inward heat flux
16 - h [o | wyim?.Ky Heat transfer coefficient
17

Tins [273.15 | K External temperature

19 T Radiation type: |None |-|
20 =
S
[[]select by group
[ Interior boundaries

| Ok || Cancel || Apply || Help |

Fig. 6.5 Boundary settings on the wall side of the interface of heat coupling between

indoor air and wood paneling

Sub-domain 3 includes the remaining layers of the wall. The material properties of all
the layers are listed in Appendix A. The governing equations in sub-domain 3 are the
same as those used in sub-domain 2. To reach the convergence solution and reduce the
iterative time, an effective wall is used to simulate the heat and vapor transports in sub-
domain 3. The effective properties are calculated based on the properties of each wall

layer, for example, the effective thermal conductivity is calculated as:
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t

where and are the thermal conductivity and thickness of the h component.

6.2.3 Boundary conditions, meshing, and solver parameters for the numerical model

The boundary conditions are assigned to the turbulent air movement, heat transfer and
moisture transport. For the momentum transport in the test room, the inlet boundary
conditions are the inlet air velocity which is calculated based on the ventilation rate and
the two turbulent quantities related to the k-¢ turbulent model. COMSOL provides two
parameters specifying the characteristics of the k-¢ turbulent in the inlet boundary:
turbulent length scale LT and turbulent intensity IT. The chosen values of the two
parameters were referred to the COMSOL user manual in the part of the Chemical
Module related to the introduction of the turbulent boundary conditions. The inlet
boundary for the momentum transport is set as Figure 6.6. The outlet boundary is the
default option, i.e. pressure, no viscous stress. The pressure at the outlet is set to zero in

the numerical model.
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| Boundary Settings - K-£ Turbulence Model (chns) |
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Fig. 6.6 Inlet boundary conditions of the k-¢ turbulence model

For the heat transport inside the test room, the inlet boundary condition is the
temperature of the supply air, and the outlet boundary condition is the convective heat
flux. Since the RH&T sensor located at the outlet in the experiment is far from the
ventilation vent, the temperature of the outlet in the sub-domainl is unknown. The
convective flux boundary condition assumes that the energy passes through this
boundary in terms of the convective flux mechanism. It is useful boundary condition
where the outlet temperature is unknown in the convection-dominated energy
balances. The surface of the electric heater is 40 °C, and surface of the hotplate is 100
°C. These two values were measured in the experiment. The similar boundary conditions
are set for the mass transport inside the test room. The inlet boundary condition is the

moisture flux calculated by the ventilation rate and humidity ratio of the supply air. The
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outlet boundary condition is convective flux for moisture. The boundary condition at the
steel recipient is the moisture flux calculated by the moisture generation rate. On the
walls, since there is no air movement, there is no need to set momentum boundary
conditions. The boundary equation at the outside surface of the exterior wall is the
outdoor air’s temperature for the heat transfer equation, and the outdoor air’s moisture

content for the moisture diffusion equation.

Fig. 6.7 Image of meshes assigned on the whole simulation domain

The unstructured mesh is assigned for the entire calculation domain. The mesh
maximum sizes are set to 0.01lm at the inlet surface, 0.02m at surfaces of the outlet,

steel recipient and inner wall surface, and 0.04 m at heater surface. The rest of the
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global size of the mesh is set at 0.29m. The mesh consists of 188,799 elements in sub-
domain 1 and 46,975 elements in sub-domains 2 & 3. In total, the 834,546 degrees of
freedom are solved in this simulation. The mesh image of the numerical model is shown

in Figure 6.7.
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Fig. 6.8 Solver settings for solving the coupling equations of HAM

154



Progress - Solve Problem
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[ ]|Close automatically

Fig. 6.9 Solver progress showing the model convergence tolerance

The default stationary segregated solver which is for stationary multi-physics PDE
problems is selected with some adjustments as shown in Figure 6.8. By using this solver,
the solution steps are split into sub-steps. In this coupled model, the coupled physics are
grouped into four depending on the independent variables. For each segregated group,
the tolerance and linear solver for this group’s variables can be controlled through the
setting options. The tolerance values for each segregated group are shown in Figure 6.8,
and the solving convergence of the numerical model is shown in Figure 6.9. Under the
linear solver level, the pre-conditioner solver and the maximum number of iterations for

each level of the solvers can be defined. In this numerical model, the GMRES solver
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which is an iterative solver for non-symmetric problems is selected as the linear solver
for each segregated group. The geometric multi-grid solver is used as a pre-conditioner
for each linear system solver. The solvers selection is based on the manual of COMSOL
Multi-Physics. Since the order of the moisture content is expected to be much lower
than the order of temperature and velocity, the variable scaling for mass is defined as

10 manually.

6.3 Comparisons to experimental results

Figures 6.10 & 6.11 show the temperatures in all sub-domains and RH in sub-domain 1,
respectively. Except for the regions near the heater, hotplate, and inlet, the differences
in the temperatures and RH levels inside the room are small (less than 1 °C and 3% RH).
This is in close agreement with the experimental measurements (Figure 6.12). The
accuracy of the sensors in the experiment is £0.5°C for temperature measurements and
+2% for RH measurements. The maximum temperature difference in the experimental
measurements is about 1°C (Figure 6.12 a), while the RH difference is 5% (Figure 6.12 b).
The higher temperatures are recorded by sensor E_11, C_31 and E_31, while the higher
RHs are recorded at G_13 and E_35. The same phenomenon is observed in the
simulation results, reflecting higher values of temperature and RH at the corresponding

locations of the mentioned sensors (Figure 6.12).
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Fig. 6.10 Simulation result showing temperature distribution in test room and temperature

gradient across the wall
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Fig. 6.11 Simulated RH distribution inside test room without showing the moisture

gradient across the wall
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Fig. 6.12 Comparison between numerical simulation and experimental results
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The overall temperature and moisture concentration profiles obtained from the
simulation of the indoor air conform to the experimental data, as illustrated in Figure
6.12. The air temperatures measured by sensors are slightly lower than those obtained
from the simulations. The fact that the test room is not completely airtight and the
other interior surfaces, except for the east and west walls, are assumed as adiabatic in
the simulation may be the causes of the temperature differences. The RH results
provided by the experiment are higher than those obtained by the simulations. This
higher result is because the computation of the RH in the model depends on the
temperature results. The RH value is, in fact, inversely proportional to the temperature;
therefore a higher temperature implies a lower RH value, if the moisture content in the

air is kept constant.

On the other hand, the difference in the amplitude of the results among sensors in the

experimental test can be attributed partly to the sensors’ accuracies.

6.4 Summary

COMSOL is an engineering, design, and finite element analysis software environment for
the modeling and simulation of any physics-based system. It is utilized in the numerical
study of this thesis to establish the coupled CFD model of simulating the HAM transport
in the experimental test conditions. The ways that the software couples multi-physics
problems through the predefined application models and PDEs in the three forms, i.e.

coefficient form, general form and weak form are introduced at the beginning of this
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chapter. The review of the robustness and application of the software in building
science studies follows. The related literature review shows that COMSOL Multi-physics
is a reliable solver and simulation software for various physics, especially coupled
phenomena, i.e. multi-physics. Based on this review, COMSOL is adopted to fulfill the
objective of this thesis numerical research: to investigate the influence of room factors
including moisture loads and ventilation conditions on the indoor environment taking

into account the heat/mass interaction between indoor air and hygroscopic wall system.

The numerical model which couples the momentum, heat, and mass transport inside
the test room and through the wall system in a single simulation environment, i.e.
COMSOL, has been presented in this chapter. The coupling of the HAM inside the test
room is achieved by establishing the relationships of the variables in the momentum,
heat and mass conservation equations. These relationships including the density of air
as a function of indoor temperature, the turbulent conductivity in heat equation related
to the turbulent Pr number and turbulent viscosity in the momentum equation, the
identities of the velocity in heat and mass equations with the velocity solved by
momentum equation. The coupling of heat and moisture between different sub-
domains, i.e. between indoor air and hygroscopic materials of walls is achieved by the
continuity assumption of mass flux and thermal wall function. Since the air movement in
the test room is characterized as turbulent under mixed convection condition, the
assumption of the continuity of the moisture flux neglects the turbulent influence of the

moisture interaction between the indoor humidity air and the hygroscopic wall. The
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influence of this limitation on simulation results will be presented in the next chapter

when the heat/mass transport through the wall system is investigated.

There are some advantages of this numerical model. First, it overcomes the main
limitations existed in currently available CFD coupled models of the whole building HAM
transport study. As reviewed in the beginning sections of this chapter, currently the
coupling of CFD with the moisture transport in walls is achieved through the third party
programming, i.e. not in a single simulation environment. Except for the assumption of
continuity of the mass flux which is the same as the one used in this thesis' coupled
model, there are some other limitations in those models. For example, when the finite
difference method is used to couple the mass diffusion equation to CFD model, the
complicated geometries cannot be simulated due to the limitation of this method; when
penetration depth method is used in the coupled model, the value of the penetration
depth has to be known, but in reality, this value can only be estimated (refer to Chapter
3: basic theory). Second, this thesis' coupled model has great application potential. Since
this model is built in a single simulation environment, despite the complicated coupling
process, the model can be extended in studying the HAM transport in the whole

simulation domain.

This numerical model is validated by comparing its results with the experimental
measurements. Close agreement is obtained in the indoor temperatures and relative
humidity profiles. The simulation results show that the distribution of indoor

temperature and moisture are not uniform, and the north side region has slightly higher
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values. The higher value is observed by the sensors measurements, and will be

explained in the next chapter.

The next chapter presents the application of the model in studying the impact of room
factors on the indoor environment. The moisture loads and ventilation design are the
room factors investigated numerically. Some of the parameters were tested in the
experiment, but were not explained in terms of the mechanism of HAM transport. Other
parameters, such as the position of the ventilation vents which were not studied in the
experiment, are studied in the numerical simulation. The heat/moisture transport in

walls under the room condition with the simulated room factors is also investigated.
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CHAPTER 7

NUMERICAL INVESTIGATION OF HYGROTHERMAL RESPONSE
IN AROOM AND THROUGH ITS ENVELOPE

The numerical model coupling air, heat and moisture transport inside the test room and
through the wall system has been presented in Chapter 6. In this chapter, the
application of the numerical model on the investigation of the influence of room factors
on HAM responses of the experimental room is developed. The scope of the numerical
study and the investigation parameters are introduced first. Then, the impacts of the
room factors on indoor environment are studied. The aspects which cannot be studied
in the experiment work, such as the influence of the ventilation vents design, the
heat/moisture fluxes influenced by room factors, and the potential damage caused by

mold growth are investigated in this chapter by using the numerical model.

7.1 Implementation of the model

The moisture buffering effect of the wood paneling on the changes in the indoor
environment has been studied and presented through the experimental work in
Chapters 4 and 5. The buffering effect is the influence on the indoor environment due to
moisture ad/desorption of the hygroscopic materials under the dynamic state of the
moisture loads, i.e. the 8 hours moisture generation followed by 16 hours of no
generation in a one-day cycle. In the experiment, there is a 3-day test case in which the
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moisture is generated for 24 hours following by 48 hours of no moisture generation. The
preliminary test results show that in this test case, at the end of the moisture
generation, the indoor temperature and relative humidity level had reached a state of
equilibrium under the ventilation rate of 0.5ACH. The other room factors, the moisture
generation rate and ventilation rate under the equilibrium state, were not studied due
to the unavailability of the environmental chamber. Meanwhile due to the limitation of
the experimental facilities, it was not possible to further study experimentally the
influence of ventilation design parameters such as the vents position and to study the

heat/mass transfer through the wall system.

In this numerical investigation, the influence of more room parameters on the indoor
environment under steady sate is firstly studied. The numerical model presented in
Chapter 6 is built based on the mixed condition of the indoor air convections, which
means it is for low ventilation rates. So, in the numerical investigation, the parameters
of ventilation rates are the low ventilation rates of 0.5ACH, 0.75Ach and 1CAH. The first
two rates have been tested in the experiment, but in a dynamic state. The moisture
generation rates tested in the experiment are 42g/h, 58.5g/h and 91g/h, but not for
every ventilation rate. In the numerical study these three moisture generation rates are
studied under all three ventilation rates. Besides these parameters, the influence of the
ventilation vent positions on the indoor environment is investigated. The position of the
ventilation vents can be regarded as one room factor, but it is not designed in the
experimental study. The study of the impacts of the vents position is a supplement to

the experimental work in this research. In addition, the numerical model shows the
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results as well as the visualization of the transport mechanisms which help to explain
these results. The heat and mass transport through the wall system under each
simulated case is investigated. The heat and moisture fluxes are calculated. Finally, the
relative RH values in the simulation domain are evaluated for the potential mold

growth. The risk regions in each simulation case are summarized.

In total, the model described in Chapter 6 is implemented in 12 cases to study the
influence of the moisture loads, ventilation rates, and positions of the inlet and outlet
on the indoor environment and on the heat and moisture transport through the
envelope. Case 1 replicates the same conditions used in the experimental setting, which
has a ventilation rate of 0.5ACH and a moisture generation rate of 42 g/h. To study the
influence of the moisture generation rates, cases 2 and 3 simulate two moisture loads of
58.5 g/h and 91 g/h respectively while having the same ventilation rate as case 1. To
investigate the influence of ventilation rates on the indoor environment, cases 4, 5, 6
and cases 7, 8, 9 are simulated at different ventilation rates of 0.75ACH and 1ACH,
respectively, each subjected to three the different moisture loads of 42 g/h, 58.5 g/h,
and 91 g/h. Cases 10 to 12 investigate the impact of the position of the ventilation
vents, which have the same conditions as cases 1, 4 and 7 but change the position of the
inlet and outlets. In these three cases (cases 10 to 12), the inlet is moved from the upper
region of the north wall to the bottom region along the vertical center line of the wall,
and the outlets are moved from the bottom region of the south wall to the upper
region. The room factors including ventilation rates and moisture loads in all 12 cases

are summarized in Table 7.1. The locations of the inlet and outlet in cases 10 to 12,
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together with the comparison to the unchanged positions in cases 1 to 9 are listed in
Table 7.2. For all cases, the supply air condition is 20 °C, 45% RH, corresponding to the
values used in the experiment. The outdoor conditions are those specified in the

experiment (-5 °C, 68%RH) as well.

Table 7.1 Ventilation rates and moisture rates in simulations

42 g/h 58.5g/h 91g/h
0.5ACH Case1 & case10 Case?2 Case 3
0.75ACH Case4 &casel1l Case5 Case 6
1ACH Case 7 & case12 Case8 Case 9

Table 7.2 Location of ventilation vents for all cases

Cases1to9 Cases10to 12
Height of inlet center (m) 2.26 0.25
Height of outlet center (m) 0.172 2.2

7.2 Impact of ventilation rates on indoor humidity level

Figures 7.1-7.3 show the profiles of the indoor relative humidity along the diagonal line
from the bottom center of the south wall to the upper corner of the north and east wall
(indicated by the red dash line in Figure 6.2) for cases 1 to 9. As shown in Figure 7.1,
under the same moisture generation rate of 42 g/h, the indoor RH values are 55 % (case
1), 49 % (case 4) and 45 % (case 7), respectively, corresponding to the ventilation rate of
0.5ACH, 0.75ACH and 1ACH. The indoor humidity levels decrease as the ventilation rate
increases because the higher ventilation can carry away more moisture and lower the
moisture concentration in the test room. The RH decreases with the ventilation rate
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increases from 0.5ACH to 0.75ACH, and to 1ACH can also be observed in Figures 7.2 and

7.3 in which the moisture generation rates are 58.5 g/h and 91 g/h respectively.
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Fig. 7.1 RH values along the diagonal line (from bottom center of the south wall to the
upper corner of the north and east wall, see Figure 6.2) for cases 1, 4 and 7 with same
moisture generation rate of 42g/h
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The condition of the supply air in cases 1 to 9 is 45 %RH and 20°C with a humidity ratio
of 6.559x10-3 kg/kg. The increased humidity level over the condition of the supply air in
each simulated case can be regarded as the humidity responses of the test room to the
moisture loads and ventilation conditions. The profiles of the humidity ratio in each case
can be obtained from simulation results. Taking the value of the humidity ratio at
midpoint of the diagonal line to represent the indoor humidity condition, the increased
relative humidity (IRH) is calculated as the RH value increases between the indoor RH
value (the value at the midpoint) and the supply air RH value, which is constant for all
simulated cases. Figure 7.4 shows the IRH for cases 1 to 9. The increments in humidity
levels decrease as the ventilation rate increases. The largest IRH is in case 3 in which the
moisture load is 91 g/h, and the ventilation rate is 0.5ACH. When the moisture loads do
not change, as the ventilation rate increases from 0.5ACH to 1ACH, the IRH decreases
significantly. As shown in Figure 7.4, at the moisture rate of 91 g/h, the IRH decreases
from 32% (case 3) at 0.5ACH to 9% (case 9) at 1ACH; and at the moisture rate of 58.5
g/h, the corresponding IRH decrease is from 17% to 4% between cases 2 and 8. At 1ACH,

the 42g/h moisture generation causes only 1% increase in the RH of the test room.

169



35

R 30

Z 25

8 20

]

£

= 15

[}

& 10 I I

g

(8]

5 s I

0 T T T lI T T — .
\\J \M \M \\J \M \\
O SO T I T
RN L A S A

? P A N -

N Q- ) A Q- -2 q,'\’ [
-2 N Q ™ Q- © > % I
> @ © & “ £ & S ¥
d & ¢ & (,’b& & ¥

Fig. 7.4 Increased relative humidity (IRH) in cases 1 to 9 at the center of the half room

simulated

7.3 Impact of moisture generation rates on indoor humidity level

The impact of moisture generation rates on the indoor humidity level can be observed
when the indoor moisture concentration profiles along the diagonal line are grouped
into different ventilation rates as shown in Figures 7.5 to 7.7. Figure 7.5 shows the
indoor moisture concentration profiles of the three cases (cases 1, 2 and 3) with
different moisture generation rates under the same ventilation rate of 0.5ACH. When
the moisture generation rate increases from 42 g/h (case 1) to 58.5 g/h (case 2), the
indoor moisture concentration at the midpoint of the diagonal line increases from
0.0098 kg/m? to 0.0112 kg/m?>. An increase of about 0.0015 kg/m? is observed in the
moisture concentration. The increase of moisture concentration is 0.0024 kg/m3 when
the moisture generation rate changes from 58.5g/h to 91g/h. The indoor moisture
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concentration increases as the moisture generation rate becomes higher. Figures 7.6
and 7.7 show the moisture concentration profiles along the diagonal line under the
ventilation rate of 0.75ACH and 1ACH respectively. Under the ventilation rate of
0.75ACH, the increased values of the moisture concentration corresponding to the
moisture generation rate changes from 42 g/h to 58.5 g/h and from 58.5 g/h to 91 g/h
are 0.0008 kg/m® and 0.0016 kg/m*® respectively; and under 1ACH, these two
increments are 0.0005 kg/m3 and 0.001 kg/m3, respectively. It is noted that for the same
changes of moisture loads, the variation of moisture concentration at higher ventilation

rates is smaller than that at lower ventilation rates.
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Fig. 7.5 Moisture concentration profiles along the diagonal line for cases 1, 2 and 3 with

same ventilation rate of 0.5ACH
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7.4 Impact of ventilation vents design on indoor environment

The influences of the position of the ventilation vents on indoor environment are
investigated by simulation cases 10 to 12 in which the position of the inlet is moved
down to the bottom of the north wall while the outlets are moved to the upside of the
south wall as shown in Table 7.2. To compare the simulated results of the cases with

changed positions of the vents to those of cases with unchanged ventilation positions,
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Fig. 7.8 Moisture concentration profiles along the diagonal line for cases 1&10, cases

4&11, and cases 7&12
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Fig. 7.9 Temperature profiles along the diagonal line for cases 1&10, cases 4&11, and
cases 7&12

the profiles of indoor moisture concentration and temperature along the diagonal line
for each compared pair are shown in Figures 7.8 and 7.9. These pairs include: cases 1 &
10 (0.5ACH, 42 g/h, red lines), cases 4 & 11 (0.75ACH, 42 g/h, green lines), cases 7 & 12
(1ACH, 42 g/h, blue lines). The figures show that the positions of the inlet and outlet
have a large impact on the indoor environment, especially when the ventilation rate is
low. In case 10, the average temperature inside the test room is about 2.5 °C higher
than that in case 1, which has the same ventilation rate of 0.5 ACH and the same

moisture generation rate of 42g/h but different location of the ventilation vents (see
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Table 7.2), and the moisture concentration increase of 0.005 kg/m* higher, which
corresponds to 18 % higher in RH increase than that of case 1. The large difference is
due to the existing heat/mass source at the center of the room. This ventilation vent
position is not an efficient ventilation design in this scenario. The lower ventilation
efficiency keeps more heat and moisture generated by the source inside the room and
leads to the significant changes in the indoor conditions. Figures 7.10 and 7.13 show the
air flow streamlines in cases 1 and 10 respectively. When the positions of the vents do
not change in case 1, the air inside the test room circulates clockwise and mixes well
with the heat and moisture coming from the generation source. While in case 10, the
buoyant force due to the hotplate separates the air circulation into two parts. One part
of the air on the north side, i.e. the side near the electric heater, circulates counter-
clockwise due to the jet coming in from the supply vent; while the other part of the air
on the same side circulates clockwise due to heating by the electric baseboard. These
opposite circulations reduce air movement and heats up the air on that side. On the
south side, the air circulates clockwise due to the center hotplate. The separated
circulations trap heat and moisture, and make the air inside the room not well mixed.

This results in a high value of temperature and RH.
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Streamline: Velocity field

L

Fig. 7.10 Streamlines illustrating the clockwise air movement in case 1 (0.5ACH, 42g/h)

Streamiine: Velocity fleld

Fig. 7.11 Streamlines illustrating the clockwise air movement in case 4 (0.75ACH, 42g/h)
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Streamline: Velacity fizid

Fig. 7.12 Streamlines illustrating the clockwise air movement in case 7 (1ACH, 42g/h)

Streamline; Velocity field

Fig. 7.13 Streamlines illustrating the separated air flow in case 10 (0.5ACH, 42g/h, vents

position moved, see Table 7.2)
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Streamline: Velocity field

Fig. 7.14 Streamlines illustrating the separated air flow in case 11 (0.75ACH, 42g/h,

vents position moved, see Table 7.2)

Streamline: Velocity fleld

Fig. 7.15 Streamlines illustrating the separated air flow in case 12 (1ACH, 42g/h, vents

position moved, see Table 7.2)
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The ventilation efficiency is improved when the ventilation rate increases as shown in
Figure 7.14 for case 11. In this simulation case, the vent position is same as in case 10,
but with a higher ventilation rate of 0.75ACH. The streamline pattern shows that the
circulation on the north side close to inlet wall becomes smaller, and indicates more
humid air circulating on the south side. The increased air circulation on the south side
which is close to the outlet can carry away more heat and moisture. In case 11, the
moisture concentration is 0.001 kg/m3 more than that in case 4 which has the same
moisture generation rate of 42g/h and the same ventilation rate of 0.75ACH, and the
temperature in case 11 is 2.1 °C higher. The differences of the moisture concentration
and the temperature between cases 4 and 11 which have the ventilation rate of
0.75ACH are smaller than those between cases 1 and 10 which have the ventilation rate
of 0.5ACH. When the ventilation rate reaches 1ACH, the differences of the moisture
concentration and temperature between case 7 and case 12 become much smaller. In
case 12 (with changed position), the indoor temperature is 0.5°C higher than case 7
(with unchanged position), and the moisture concentration is 0.0008 kg/m? higher,
which corresponds to 4.5 % RH at room temperature. Figure 7.15 shows the air flow
pattern of case 12. From this figure, one can observe that the circulation on the north
side becomes much smaller than that in case 11, which indicates that higher ventilation
efficiency is obtained. By comparing the flow patterns between the cases with
unchanged vent positions and the cases with changed positions shown in Figures 7.10 to
7.15, the influence of the position of the ventilation vents on indoor air movements can

be observed. When the ventilation vents are not changed as in cases 1, 4, and 7, the air
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flows clockwise inside the test room (Figures 7.10 to 7.12). The increased ventilation
rate accelerates the air velocities but does not change the air clockwise moving
direction. When the vents positions are changed, the air movement inside the room is
changed both in direction and magnitude. The CFD simulation provides an extension to
the experimental results and a visualization of the air flows which help to explain

changes in the indoor environment when room factors are varied.

The air flow pattern in case 1 shown in Figure 7.10 also explains why the north side of
the test room has relative higher temperature and RH values as shown in the simulated
patterns of Figures 6.9 and 6.10. The clockwise air flow moves the moisture and heat
generated from the hotplate to the north side and results in a higher value of

temperature and humidity level in this region.

7.5 Investigation of the impact of ventilation conditions on heat and

moisture fluxes across the wall

Different ventilation conditions have different impact on heat and moisture transfer
through the envelope. Since the same outdoor conditions are employed in the
simulation of all cases, the heat and moisture fluxes in the walls are related to the

indoor temperatures, the RH profiles, and the velocities along the wall surface.
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Figure 7.16 Velocity maps on plane at 0.02 m from the east wall, at different ach,
with inlet/outlets at different heights, and with the same moisture generation rate of
42 g/h

181



Figure 7.16 shows the air velocity profiles along the wall surface in cases 1, 4, 7 (42 g/h
for each case, and with ventilation rate of 0.5, 0.75 and 1ACH respectively) and cases 10,
11, 12 (same conditions with the previous three cases, but with the changed vents
positions) respectively. For different ventilation rates and different positions of the
ventilation vents, the air flow patterns near the wall surface are different. The maximum
velocities near the wall surface in each case are 0.102 m/s, 0.110 m/s, 0.131 m/s (for
cases 1, 4 and 7), and 0.109 m/s, 0.111 m/s, 0.145 m/s (for cases 10, 11 and 12),
respectively. Cases 7 and 12 have the largest maximum velocities due to their highest
ventilation rate of 1ACH. The maximum velocities near the wall surface in case 7 are
28% higher than case 1, and in case 12, the maximum velocities are 42% higher than

casel.

Table 7.3 Total heat and moisture fluxes passing through the intestitial boundary

between sub-domains 2 and 3

Case number Indoor Heat Flux Indoor Moisture Moisture
Temperature W] Concentration Flux
[K] [kg/m’] [kg/s]

Case 1 (0.5ACH,42g/h) 293.7 45.99 0.0100 5.32x10™
Case 4 (0.7SACH.42g/h) 293.6 46.01 0.0088 4.49x10®
Case 7 (1ACH,42g/h) 2934 46.03 0.0081 4.03x10®
Case 10 (0.5SACH 42g/h) 296.1 50.62 0.0150 8.65%10®
Case 11 (0.75SACH,42g/h) 295.7 50.11 0.0096 5.18x10®
Case 12 (1ACH,42g/h) 293.8 47.09 0.0088 4.50x107

Note: cases 10 to 12 are the cases with the position of ventilation vents moved (see Table 7.2)

It is expected that the higher velocity close to the wall surface will lead to higher surface
coefficients and increase the heat and mass fluxes through the wall systems. However,
the influences of the increased air velocity values in these simulation cases are not
significant. Table 7.3 lists the indoor temperature, moisture concentration and the
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integration of heat/moisture fluxes across the interstitial boundary between sub-
domains 2 and 3 in the above cases, which corresponds to the interface between the
wood paneling and the dry wall. For the unchanged ventilation positions (cases 1, 4 and
7), even though the maximum air velocity in case 7 is about 28% higher than case 1, and
about 20% higher than case 4, the heat fluxes in these three cases are almost the same
(45.99, 46.0 and 46.03 W respectively). The moisture fluxes do not increase as the
velocity becomes larger (5.32x107%, 4.49x10°®, and 4.03x10® kg/s respectively), but vary
according to the indoor humidity levels. For cases 10 to 12 which are with the changed
ventilation positions, the heat and moisture fluxes decrease as the indoor temperature
and humidity level decrease from 22.95 °C and 0.015 kg/m® MC in case 10 to 20.65 °C
and 0.0088 kg/m?® MC in case 12. Case 10 has the largest heat and moisture fluxes (50.6
W, 0.015 kg/m3) due to its highest indoor temperature and moisture concentration
values, and case 12 has the smallest flux values (47.09 W, 0.0088 kg/m3) due to its
lowest indoor temperatures and humidity levels, despite case 12 having the largest
velocity in these three cases. The reason that the velocities close to wall surfaces do not
significantly influence the heat and moisture transfer inside the wall is that the absolute
differences of the velocities among these cases are small. The insignificant influences of
the velocities near the wall surface show that under mixed convection conditions, the
indoor temperature and humidity levels dominate the heat and moisture fluxes through
the wall system. In this simulation, the interaction of the heat and moisture between
indoor air and wall surface is achieved by the continuity equations of the fluxes (Egs.

6.20 to 6.22). The simulation shows that at the ventilation rate of 1.0 ACH or less, the
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velocity near the wall surfaces has insignificant influence on heat and moisture
transport across the wall system. This insignificant influence indicates that for mixed
convection simulation, the assumption of the constant heat and mass surface
coefficients can be applied to the inside wall boundaries without significantly affecting

the simulation results.

7.6 investigation of potential damages caused by mold growth

Mold growth is an important topic in the indoor environment studies because molds not
only cause costly damages to household structures, but can also put occupants' health
and wellbeing at risk. The transport of microbial volatile organic compounds in wall
cavities has been investigated in some previous studies (Hachem, Fazio, Rao and Bartlett,
2009; Rao, Fazio, Bartlett, Yang, 2009; Hachem, Chaubey, Fazio, Rao and Bartlett, 2010).
This numerical model can be utilized to predict the potential damages caused by molds
based on the criteria of the mold growth in the mold studies. The studies found that for
mold growth there are four requirements: water, suitable temperature, food, and air.
Since molds absorb nutrients through microscopic threads, it is relatively easy to have
the last two requirements, food and air, in an indoor environment. Then the water and
temperature are the critical conditions to be controlled in order to avoid mold growth.
Viitanen and Salonvaara (2001) concluded that the temperature over 0°C creates a
favourable condition for mold growth if accompanied with high relative humidity for
long enough time. Kowalski (2000) listed all of the major pathogenic and allergenic fungi,

by genus, that have been found growing indoors, and Clarke et al (1998) summarized
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the relative humidity and temperature conditions for the growth of six generic mold
categories as shown in Figure 7.17. The study indicates that at room temperature, 75%

RH is the critical value for mold growth.
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Fig. 7.17 Effect of Temperature and Relative Humidity on Mold Growth Rates, based on
data from Clarke et al (1998)

In this thesis, the RH color maps on the wood wall surface and inside the wall system are
obtained from simulations to study the potential regions for the mold growth under
different room factors. Figure 7.18 shows a color map of RH on the surface of wood

paneling in case 1 (0.5ACH, 42g/h). The bottom corner of the east and north walls has
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Fig. 7.18 RH profiles on the east wall surface in case 1 (0.5ACH, 42g/h)
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Fig. 7.19 RH profiles on the east wall surface in case 3 (0.5ACH, 91g/h)
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the highest RH value in this simulation scenario. The highest value is less than 60% in
this case, which can be regarded as unfavourable condition for mold growth. The RH
value in this region increases as the moisture generation rate becomes larger. Figure
7.19 shows the RH profiles in case 3 (0.5ACH, 91g/h). The highest RH value is 81% which

indicates potential mold growth.

The region of the highest RH value is located at the bottom corner of east and north wall
in these two presented cases. Similar places of high RH value are observed in other
cases with the unchanged position of the ventilation vents, i.e. in all cases 1-9. The
bottom region of the wall has the lower temperature because the heated air moves up
and the RH value is inversely proportional to the temperature. Meanwhile, the
ventilation moves the moisture to the north side when the air clockwise circulates in the
test room. When the position of the ventilation vents change, the movement pattern of
the indoor air also changes as illustrated in the previous sections. Then the region of the
highest RH value is different. Figures 7.20 to 7.22 show the RH profile along the wood
wall surface in cases 10-12. Since the ventilation rate has great impact on the moving
direction of the indoor air, the region with the highest RH values changes in these three
cases. The figures indicate that the highest RH value is located at the bottom corner of
the east wall and south wall in case 10, at the bottom of the east wall in casell, and at

the bottom of the east wall but close to the corner of east and north wall in case 12.
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Fig. 7.20 RH profiles on the east wall surface in case 10 (0.5ACH, 42g/h, changed vent
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Fig. 7.21 RH profiles on the east wall surface in case 11 (0.75ACH, 42g/h, changed vent
position)
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Fig. 7.22 RH profiles on the east wall surface in case 12 (1ACH, 42g/h, changed vent

position)

The RH values on the wall surface are not uniform and are different in different cases.
Table 7.4 summaries the highest and lowest values of RH along the wood surface in all
simulated case. The value of the highest RH increases as the moisture generation rate
increases; and this value decreases as the ventilation rate increases. For the unchanged
vent position, the condition of the favourable mold growth happens in case3 which has
the 91g/h moisture generation rate. This simulation result indicates that for 0.5ACH
ventilation rate, the critical moisture generation rate for the mold growth is between
58.5 g/h and 91g/h. When the ventilation rate becomes higher than 0.75ACH, the
moisture generation rate can be as large as 91g/h without causing any favourable mold

growth condition. For the changed vent position, at 0.5ACH ventilation rate, the
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moisture generation rate of 42g/h has reached the critical condition of mold growth.

This analysis indicates that the ventilation design also has great impact on indoor mold

growth.

Table 7.4 Range of RH values along the east wall surface in all simulated cases

Case number | Ventilation rate Moisture Highest RH Lowest RH

(ACH) generation rate value value

(gram/hour) (%) (%)

1 0.5 42 58.2 55.2
2 0.5 58.5 65.7 61.9
3 0.5 91 81 75.7
4 0.75 42 51.5 48.9

5 0.75 58.5 56.2 53
6 0.75 91 65.7 61.5
7 1 42 48 45.7
8 1 58.5 51.1 48.4
9 1 91 57.4 53.9
10 0.5* 42 75.5 69.7
11 0.75* 42 50 48.2
12 1* 42 49.8 48.2

*with ventilation vent positions changed

The color maps for RH and temperatures along the vertical cross sections at 5 locations

of the east wall can be observed in Figures 7.23 & 7.24. Figure 7.23 shows that the RH

values inside the wall system are higher than the values on the wood wall surfaces. The

higher value of the RH is due to the lower temperature distributions inside the wall

system. In the experiments, the outside temperature is -5 °C. There is a temperature

gradient from the high indoor temperature region to the low outdoor temperature

region, as observed in Figure 7.24. It is noted that in the center region of the wall, the

temperature change with respect to the distance change in the direction crossing the

wall from indoor to outdoor is not the same. This non-uniform temperature gradient
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may be caused by the presence of the heat source at the center of the room. The
governing equation of the heat transport takes into account not only the convection
mechanism of the heat transfer but also the diffusion process of the heat transfer. The
non-homogenous temperature distribution on the wood wall surface results in the
different heat fluxes in the different regions of the wall. The non-uniform temperature
gradient in the wall system leads to the non-homogenous distribution of RH as shown in
Figure 7.23. The non-homogeneous distributions of temperature and relative humidity
are consistent with the measurements of the thermocouples and moisture pins as

presented in Chapter 4.
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Fig. 7.23 RH color maps in the cross section of the wall for case 1
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Fig. 7.24 Temperature color maps in the cross section of the wall for case 1

The highest value of the RH has reached 81% in this case (casel with 0.5ACH and 42g/h).
However, it does not mean that the mold will be necessarily generated. The
temperature of the region where the highest RH value is located is in the range of 5-8°C.
According to the mold growth criteria as presented in Figure 7.17, in this range of the
temperature, the favourable RH condition for mold growth is over 85%. The simulation
results also show that the highest RH value to be located at the middle layer of the wall.
Since the effective wall is simulated in the wall sub-domain in this numerical model, the
position of the potential mold growth inside the wall may not be accurate. To precisely
predict the mold growth inside the wall requires a model that sufficiently defines the
characters of the different layers of the wall and the contact properties of the region

between any two layers in the wall. This model characteristic is beyond the scope of this
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thesis. From the Figures 7.23 and 7.24, the simulation results indicate that the potential

damage region of the wall system is in the bottom region of the middle layers.

7.7 Summary

A CFD model, coupling momentum, heat and moisture transport inside a test room and
through multilayered wall systems, has been developed. The coupling among the
governing equations and between the indoor air domain and the wall system domain is
implemented in a single simulation environment -- COMSOL. This direct coupling model
has great application potential. Using this model, the indoor condition, HAM transport in

the wall, and other coupled processes can be directly simulated.

Based on this model, the influence on the heat & moisture transports in the indoor air
and through its envelope by moisture loads, ventilation rates, and position of inlet and
outlets are investigated. The simulation results show that the humidity response of the
test room varies significantly under the range of the moisture loads from 42 to 91 g/h,
and the ventilation rates changes from 0.5 to 1ACH. The largest variation is 35% RH
increase in simulation case 3, in which the ventilation rate is 0.5 ACH and moisture
generation rate is 91 g/h; while the lowest RH increase is 1% in simulation case 7, in

which the ventilation rate is 1 ACH and moisture generation rate is 42 g/h.

The position of the ventilation vents has the most significant effect on the indoor
environment especially under the low ventilation. The moved positions of the vents

change the air flow pattern inside the test room significantly and decrease the

193



ventilation efficiency. Due to the existence of the heat and moisture source inside the
test room, the low ventilation efficiency increases the indoor temperature and humidity
level. At the ventilation rate of 0.5ACH, and under the moisture load of 42 g/h, the
increased temperature and RH value are 2.5 °C and 18% respectively. The influence of
the ventilation change becomes smaller when the ventilation rate increases. At the
condition of 1ACH and 42 g/h, the increased temperature and RH values are 0.5 °C and

4.5 %.

Simulations show that under mixed convection condition, the indoor temperatures and
moisture levels, which change with the ventilation condition, dominate the heat and
moisture transport through the wall system. The velocity profile along wall surface has

less effect on the heat and mass transfer inside the walls.

The mold growth occurs when the relative humidity has reached to certain level at
regions where temperature is mild. The simulation results show that for the cases with
unchanged vent positions, the bottom corners between east/west and north walls are
the places that have the highest RH values, and for the cases with the changed vent
positions, the bottom region of east/west wall is where mold most likely would grow.
The RH levels in some region of the wall system are higher than the indoor RH values
where the temperature would be higher than the temperature in the wall. Depending
on the temperature distribution, the region with high RH values also may be at risk for
mold growth. For all simulated cases, the high risk region is located at the middle layer

of the wall assembly.
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The limitation of this model is that the mass coupling on the wall surface is based on the
direct continuity of mass flux calculation. Even though this continuity is adopted in most
other simulation studies, the model with this limitation may not truly represent the
turbulent effects on the mass transfer in this region. However, the simulation results
show that the velocity profiles on the wall surface is not a dominant factor influencing
moisture transfer inside the wall system, and the agreement of the RH and temperature
distribution inside the test room with the experimental measurement indicates that
under mixed convection conditions, this model can correctly predict the indoor
environment with the HAM responses of the wall system taken into account. In this
thesis, this model deals with the steady state simulation, the models that investigate the
dynamic HAM responses of the test room and its wall system are recommended for

future studies.
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CHAPTER 8

CONCLUSIONS, CONTRIBUTIONS AND FUTURE WORK

8.1 Summary of the thesis study

Indoor humidity levels are important for building performance and the inhabitants. The
durability of building components is directly related to the humidity condition of their
surroundings and within themselves. The materials in concealed spaces inside buildings
can get damaged if they are persistently under high levels of moisture concentration.
The indoor humidity level is related to the room factors including moisture loads and
ventilation conditions and to the moisture ab/desorption capacity of hygroscopic
materials for interior finishing or furnishing of the building. The phenomenon of the
indoor humidity level being dampened by the dynamic moisture interactive process
between hygroscopic materials and indoor air is recognized as moisture buffering effect.
The buffering effect and the moisture ab/desorption performance of hygroscopic
materials under different room factors were experimentally studied in this thesis. The
steady state indoor environments influenced by room factors taking into account the
moisture interactive process between indoor air and enclosure were investigated
numerically in this thesis. The CFD technique was employed in the numerical

investigation.
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A literature review on the experimental and numerical investigations on moisture
buffering and whole building indoor environment was carried out in this thesis. This
review found that the moisture buffering effect of hygroscopic materials had been
extensively studied at the material level, i.e. the characterization of the buffering
property of materials. However, the buffering property of the material may not be
representative of the buffering performance of the material at the room level because
the indoor hygrothermal condition, room factors, and moisture buffering of hygroscopic
materials influence each other. The buffering effect of hygroscopic materials on the
indoor environment has been observed in some large-scale experimental studies, but
the measurement of the buffering effect values under different room conditions and the
explanation of the buffering effect related to the buffering property of hygroscopic
materials and room factors have not been found in existing studies. The literature
review also found that a CFD model in a single simulation environment to study the
HAM transport including the moisture interaction between the indoor air and the
envelope is needed, but yet to be developed. Using this kind of CFD model, detailed
information of the moisture transport in a building and inside its envelope could be
obtained, and the indoor humidity level influenced by the room factors could be

predicted by the simulation of HAM transport processes involved.

To study the moisture buffering effect at the room level experimentally and to simulate
the HAM transport in the whole domain of the room air and its enclosure numerically,
the fundamental theories of the hygroscopic material properties, the governing

equations describing HAM transport in the convection and diffusion processes, the
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analogy between mass transfer and heat transfer, and the formulation of this thesis

experiment have been presented.

The thesis presents the experimental facilities, setup, procedures, methodologies,
parameters, preliminary results, measurements of indoor humidity level changes,
calculations based on the formulation, and analysis. To study the moisture buffering
effect of the hygroscopic material at room level, the panels made of pine wood were
installed on the inner layer of the walls in the test room. The tests were performed with
the room under different test loads in 12 pairs of cases, i.e. 24 test scenarios, to study
the indoor humidity level influenced by moisture buffering effects under different room
factors. Through these tests, the findings of the moisture buffering performance of
wood paneling at room level, the impact of room factors on wood paneling moisture
ab/desorption and on indoor humidity level change, the buffering effect values at room

level corresponding to the test parameters change were obtained.

The fully coupled CFD model to simulate HAM transports in the simulation domains of
test room and wall was established. This model was built in COMSOL Multi-physics, a
PDE basis simulation environment. The governing equations of the momentum, heat,
and mass transport were coupled by correctly defining the relationship of the
independent variables according to the characteristics of the fluid flow inside the test
room. The coupling process of heat/moisture between the indoor air and wood paneling
were established by defining the fluxes equations in the interface of the two regions.

These equations were solved in the whole building domain, i.e. the test room and wall
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system. In COMSOL, the algorithm of solving PDEs is based on finite element method.
Then the PDE discretion, i.e. the meshing was developed. The general applications of
CFD techniques were not elaborated in the thesis, but the special points, such as the
solver selection, were demonstrated. The numerical model was implemented in 12
cases. These cases studied the influence of moisture loads, ventilation rates, and
ventilation vents design on the indoor environmental changes and on the heat/moisture
transport through wall. The potential damage of the test hut caused by mold growth
was also simulated by investigating the RH distribution in different regions of the

simulation domain.

8.2 Findings and Conclusions

Findings and conclusions obtained from experimental work:

e The two-step experimental methodology had advantages of evaluating the
moisture buffering performances of hygroscopic material at room level. This
method made possible the testing of the buffering performance of wood
paneling being as part of the wall system in a real room setting, and minimized
the errors of the sensors' measurements and of the air leakage investigation in
the experimental data calculation and analysis.

e The moisture buffering performance of wood paneling under different test
conditions can be represented by the kinetic curves of the moisture

ab/desorption process during the 8/16 hours moisture add/release cycle. The
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curves reflected the material property of Moisture Sorption Isotherm but varied
from one test condition to another. The variation was caused by the room
factors which lead to different indoor humidity levels and different surface
conditions of the wood paneling. For example, at moisture load of 58.5
gram/hour, the maximum moisture absorption amount of the wood paneling
increased by 7.8% when the ventilation rate changed from 0.5ACH to 0.75ACH;
this amount increased by 12.4% when an auxiliary fan was turned on to increase
the air flow in the test room.

The moisture buffering effect of wood paneling on the indoor humidity level can
be evaluated by the index EDRH. EDRH was defined as the highest RH value
dampened by the hygroscopic material in the experiment. The study found that
this value was not consistent with the buffering performance of the wood
paneling. The buffering effect of hygroscopic material cannot be predicted based
on the buffering property or performance only. The room factors have to be
taken into account in the buffering effect prediction.

To further study the buffering effect under different room factors, the buffering
effect was evaluated by the indoor humidity level change with respect to a room
factor change. The study found that without the presence of the hygroscopic
material (non-hygroscopic test) the indoor relative humidity value increased by
8% at the ventilation rate of 0.75ACH when the room factor of moisture
generation rate increased from 42g/h to 58.5g/h; this increase of 8% in the RH

value decreased to 5% with the presence of the hygroscopic material
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(hygroscopic test). The difference of the RH values, i.e. 3%, was the buffering
effect caused by the wood paneling corresponding to the moisture generation
rate change under the specific tested ventilation condition (0.75ACH in this
case). From the experimental data analysis, it was concluded that the room
characteristics caused the variation of indoor RH level ranging from 4% to 8% for
the room factors tested, and the wood paneling could moderate these variations

by the range of 25% to 37.5%.

Findings and conclusions obtained from numerical investigation:

e COMSOL Multi-physics provides simulation environment that the coupling of
HAM equations and of the heat/moisture transfer between indoor air and
enclosure can be directly achieved without third party programming. In this
thesis, the fully coupled model was established in this single simulation
environment. This model has several advantages: (i) it overcomes the main
limitations of the currently available CFD coupling models in simulating the
whole building HAM transport, and (ii) it has great application potential such as
for the aspects investigated in this thesis including influences of room factors on
indoor environment, ventilation design, heat/moisture transport through wall
system, and prediction of mold growth.

e The numerical simulation found that under steady state conditions, for the small
range of ventilation rate changes, i.e. from 0.5ACH to 1ACH, the difference of the

variation of indoor humidity level for the moisture loads changing from 42g/h to
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91g/h was large. For example, at a ventilation rate of 1ACH and moisture
generation rate of 91g/h, the maximum indoor RH level during the experimental
test increased up to 32% from the beginning of the moisture generation, while at
ventilation rate of 0.5ACH and moisture generation rate of 42g/h, the indoor RH
level increased 1% only.

The position of ventilation vents has great impact on indoor environment,
especially under low ventilation rates and can change the direction of air flows.
The changed air flow circulation influenced the ventilation efficiency. This
influence was significant at the ventilation rate of 0.5ACH. Compared with the
unchanged vents position, at this ventilation rate, the indoor RH value increased
by 18%.

The heat/moisture transport through the wall system is related to the indoor
environment and interior wall surface condition. Under mixed convection
condition, the transport is influenced mainly by indoor temperature and
humidity levels. The surface condition has less impact on the transport. The
simulation results indicate that for mixed convection simulation, the assumption
of the constant heat and mass surface coefficients can be applied on inside wall
boundaries without significantly affecting the simulation results.

The simulated potential damage caused by mold growth in the test room was at
the two bottom corners of the east/west and north walls for the cases with the
unchanged vent positions, and at the bottom region of the east/west wall for the

cases with the changed vent positions. At the bottom region of the room, the
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lower temperature resulted in higher relative humidity levels, which were the
favorable condition for mold growth. For the wall system, the simulation found
that the highest RH value was located at the middle layers of the wall system.

The accurate location for the wall system need to be further investigated.

8.3 Contributions

e Atwo-step experimental methodology and the formulation for the experimental
test were developed. The methodology made the room level tests of moisture
buffering performance for hygroscopic materials available, and it can be utilized
to further study the topics related to the HAM transport at room level.

e Air leakage of the test room was investigated in the experiment. The formulation
and data processing for the calculation of air leakage were presented in the
thesis. This investigation method can be applied in other tests to evaluating the
air tightness of a room.

e The moisture buffering performance of wood material at room level was
experimentally evaluated and presented by kinetic curves. Such curves have not
been found in the literature review.

e The nature of buffering effect caused by hygroscopic material under different
room conditions has been explained and its values at room level have been
obtained.

e The relationship of indoor environment, buffering effect, room factors has been

elaborated through the experimental data analysis.
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e Aindex, EDRH -- the highest RH value dampened by the hygroscopic material,
has been proposed to quantify the influence of hygroscopic material on indoor
moisture levels

e A new CFD coupling model has been developed in a single simulation
environment to overcome the limitations in existing coupling models. This new
model has great application potential such as prediction of indoor environment,
evaluation of ventilation design, and assessment of mold growth risk.

e Dominant factors of influencing heat/moisture transport through wall systems

under indoor mixed convection conditions were identified.

8.4 Recommended future work

The indoor environment influenced by moisture buffering effect and room factors has
been experimentally investigated in this thesis study. The buffering effect caused by
hygroscopic material -- wood paneling, and the room factors including moisture
generation rates and ventilation rates were studied. The relationship of indoor
environment, buffering effect, and room factors has been elaborated through the
experimental data analysis. Some additional parameters such as higher ventilation rates,
other hygroscopic materials can be further investigated using this experimental method.
The recommended study regarding the influence of room factors and moisture buffering
on the indoor environment is about the solar effect and ventilation strategy. Studies of

solar energy and ventilation strategy have been found in the literatures. However, their
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combined influences on indoor environment and how moisture buffering effect works in
these conditions have not been studied, but are expected to be significant in indoor
environment control. The experimental study on these topics can also establish the data

foundation for the related numerical simulation.

The fully coupled steady state model of the momentum, heat, and moisture transport
inside the test room and through the wall system has been established in a single
simulation environment in this thesis study. The indoor environment influenced by
room factors and heat/moisture transfer through the wall system have been numerically
studied. This model can be further developed and implemented to study transient
processes. The simulation of the turbulent effects of mass transfer in the interface of
wood paneling and indoor air is recommended for further development in the numerical
model. This development will be helpful in investigating the moisture surface coefficient

at the interior wall surfaces.

8.5 Related publications by author et al.

Li Y, Fazio P, Rao J. “An investigation of moisture buffering performance of wood
paneling at room level and its buffering effect on a test room”, Building and

Environment, 2012; 47(1):205-216.
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Li, Y. Fazio, P. Rao, J. (2010) “Numerical Modeling of Hygrothermal Response in a Full-
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APPENDIX A: MATERIAL PROPERTIES

Properties of the materials used in wall system in the experiment setup are listed in
Tables A.1. and A.2. The values are also used as inputs in the CFD simulations. These
data were adopted from the database created in CRD, SRO projects, WUFI software, as
well as some publications (Rode and Grau, 2008; Wu et al. 2008; Janssen and Roels,
2009).

Table A.1 Material properties

Materials of Thickne Density Heat Thermal Sorption Permeability Vapor

the wall Ss (kg/m3) Capacity Conductance Isotherm (kg/m-s-Pa) Resistance
(m) (J/kg-K) (w/m-K) * Factor[-]

Vinyl siding 0.0012 1500 1260 0.16 - - -

Air cavity 0.019 1.292 1005 0.0243 - - -

Air barrier 0.00064 1033 1880 0.1 - 2.82E-14 993.17

Plywood 0.0125 456 1880 0.089 - 1.86E-12 142.5

Wood stud 0.152 465 2390 0.096 - 3.23E-12 117.6

Insulation 0.152 11.51 1260 0.04 - 1.30E-10 1.3

Polyethylene 0.00015 1739 1260 0.159 - 4.75E-15 3280

Gypsum board 0.0125 592 870 0.15 Ws;,mq,n;  Table A2 -

Wood paneling  0.0175 520 1880 0.12 Ws,My,N,  Table A2 -

*In equation A.1, wy;=805, m;=-8416.602, n;=1.652; w,=588, m,=-625.404, n,=1.4639

Table A.2 Vapor permeability of gypsum board and wood paneling

RH Permeability (kg/m-s-Pa) RH Permeability (kg/m-s-Pa)
% (%)
Gypsum Wood Gypsum Wood

10 3.00E-11 1.01 E-13 60 3.94E-11 1.86 E-12
20 3.17 E-11 1.08 E-13 70 4.17 E-11 3.37 E-12
30 3.34 E-11 3.22 E-13 80 442 E-11 6.18 E-12
40 3.53 E-11 5.77 E-13 90 4,68 E-11 1.16 E-11
50 3.73E-11 1.03 E-12 100 4,96 E-11 2.26 E-11

For the moisture sorption isotherm, an empirical relation is used:

1-n

_ n
w=w, x[1+m-In(RH)"] " (A1)
where w_is the saturated moisture content of material (kg/m?).
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APPENDIX B: COMPARISON STRATEGY IN EXPERIMENTAL CALCULATION
AND ANALYSIS

In the experiment, a two-step experimental method was developed to calculate the
moisture buffering performance of wood paneling and to analyze the variation of indoor
environment with respect to the room factors change. This method utilizes a
comparison strategy to reduce the errors caused by both the uncertainties of the
sensors and in the air leakage estimation. This appendix illustrates how the comparison

strategy can reduce the experimental errors.

When temperature T and relative humidity value RH are given, the humidity ratio can be
calculated as:

. 0.622x P xRH
P—-P_xRH

sat

(B.1)

where P; is the barometric pressure (Pa), Pt is the vapor saturation pressure and is
calculated as (ASHRAE, 2005):

P =exp(—5.8002206x10° /T +1.3914993 — 4.8640239 x 10> * T + 4.1764768 x10° * T>
—1.4452093x 10 * T + 6.5459673 * log(T')) (B.2)

Using Egs. B.1 and B.2, the humidity ratio at the position of each RH&T sensor can be
obtained. Figures B.1 to B.4 show the indoor humidity ratio of cases 7 and 8 in the non-
hygroscopic test and hygroscopic test respectively. In each of these figures, there are
two curves. One of them represents the humidity ratio measured by a RH&T sensor
located in the test room named E_32, and the other curve is the humidity ratio obtained
by the average value of measurements by all the RH&T sensors in the test room. The
value measured by sensor E_32 has some differences to the average value in each
scenario. These differences are caused either by the non-homogeneous indoor humidity

condition or by the sensor’s uncertainty (1.0 °C and £2 %RH). The difference, for
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example, in hygroscopic test of case 7 is 0.8 g/kg or 10% (calculated by dividing the
difference with respect to the average value) away from the average value. These
differences indicate that using the measurement of a single sensor to represent the

whole region condition can bring in some errors.

However, when the two-step method is applied, these errors can be significantly
reduced. Figures B.5 shows the humidity ratio difference between the two calculation
results: one is calculated by using the average value of the indoor humidity ratio in non-
hygroscopic test of case 7 to minus the average humidity ratio value in hygroscopic test
of this case; the other calculation is conducting the same minus by using the values
measured by the sensor E_32. The difference of the two calculations presented in Figure
B.5 is insignificant: the difference is between -0.15 to 0.05 g/kg. A similar result can be
seen in Figure B.6 where the difference of the two calculations conducted in case 8 is
presented. In this case, the difference is between -0.1 to 0.05g/kg. Figures B.1 to B.6
show that by using the two-step method, the errors caused by a single sensor
measurement can be significantly reduced. In the experiment, only one RH&T sensor
was installed in the inlet and outlet respectively. Some errors may exist when using one
measurement to represent the inlet and outlet condition. By using this method, these
errors can be significantly minimized. The comparison strategy used in the two-step
method also works in the analysis of moisture buffering effect when the room factors
change. Figure B.7 shows the humidity ratio differences between the calculations in the
hygroscopic tests of cases 7 and 8 in which the room factor of moisture generation rate
changes from 42g/h to 58.5g/h. One calculation is using the average value of the indoor
humidity ratio in hygroscopic test case 8 minus the average value in hygroscopic test

case 7, and the other calculation is using the measurement of sensor E_32 instead of the
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average value. The difference in Figure B.7 is between -0.1 to 0.05g/kg. This insignificant
difference indicates that the measurement of one single sensor can be utilized when

two cases conditions are compared without losing significant accuracy.
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Fig. B.1 Average humidity ratio VS measurement by RH&T sensor E_32 in hygroscopic test of
case 7
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Fig. B.2 Average humidity ratio VS measurement by RH&T sensor E_32 in Non-hygroscopic test
of case 7
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Fig. B.3 Average humidity ratio VS measurement by RH&T sensor E_32 in hygroscopic test of
case 8
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Fig. B.4 Average humidity ratio VS measurement by RH&T sensor E_32 in Non-hygroscopic test
of case 8
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Fig. B.5 Calculation differences between two minus operations in case 7: one is the minus
operation between non-hygroscopic test and hygroscopic test by using the average value of the
humidity ratio, the other one is by using the humidity ratio measurement of sensor E_32
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Fig. B.6 Calculation differences between two minus operations in case 8: one is the minus
operation between non-hygroscopic test and hygroscopic test by using the average value of the
humidity ratio, the other one is by using the humidity ratio measurement of sensor E_32
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Fig. B.7 Calculation differences between two minus operations in hygroscopic tests of cases 7
and 8: one is the minus operation between cases 7&8 by using the average value of the
humidity ratio, the other one is by using the humidity ratio measurement of sensor E_32
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APPENDIX C: COMSOL MODEL REPORT

The fully coupled numerical model was established in the COMSOL simulation
environment, in which the mechanisms of HAM transport in the test room and through
wall system were described by partial differential equations. These equations can be
presented in terms of coefficient form, general form, or weak form (if it is needed) as
briefly introduced in Chapter 6. This appendix shows the numerical model setup from
the geometry to solver selection. This setup information is presented by copying the
interface figures or data from the model of simulation casel. The COMSOL version used
is 3.5a 3.5.0.603

1. Constants and expression

Constants:

Constant Value Description

Q_inlet 10.73[m”3/h] inlet air flow rate

A inlet 0.04825*0.0218[mA2] | inlet area

A outlet 0.135*0.085[m"2] outlet area

V_inlet Q_inlet/A_inlet inlet air velocity

T _heater 40[degC(C] heater temperature

T steel 100[degC(] steel recipient temperature
PO 101325[Pa] reference pressure

g -9.81[m/s"2] gravity constant

T room 20[degC] room temperature

T outside -5[degC] outside temp

nv_s 0.85[m”3/kg] specific volume
Q_m_inlet Q_inlet/nv_s*Hr inlet moisture flow rate

Expressions:

Function name: PSAT -- saturated water vapor pressure

Argument: a -- absolute temperature in (°K)

Expression:

exp (-5.8002206e3/a+1.3914993-4.8640239e-2*a+4.1764768e-5*a*2-1.4452093e-
8*a"3+6.5459673*log (a))
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2. Geometry: sub-domains of the model

L

L R e el

U i W
\

L

L

Z

Fig. C.1 Three sub-domains of the numerical model: the color region is the sub-domain2, wood
paneling; left side is the sub-domain 1, test room; right side is the sub-domain 3, rest wall
assembly layers.
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3. Meshing

Mesh parameter Value
Number of DOFs (degree of freedoms) | 834,546
Number of mesh elements 309,519
Number of vertex elements 34
Number of edge elements 1,103
Number of boundary elements 60,504
Minimum element quality 0.184

4. Multi-physics model
4.1 k-¢ turbulent model in sub-domain 1

'@ Application Mode Properties  X|
Properties
Default element type: Lagrange - Linear -
Analysis type: ‘Statianarv |v|
Corner smoothing: ‘Off |v|
Weakly compressible flow: ‘On |v|
Turbulence model: ‘K—E |v|
Realizability: off [~
Weak constraints: ‘Off |v|
Constraint type: ‘Ideal |v|
[ oc | ‘ Cancel | | Help |

Fig.C.2 Summary of application mode properties for indoor air movement
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4.2 Heat transfer model 1 in sub-domain 1

;9 Application Mode Properties X
Froperties
Default element type: Lagrange - Linear -
Analysis type: stationary -
Surface-to-surface radiation method: |Hemicube -

Fadiation integration order:

Fadiation resolution: 128 -
Cache wiew factors: Auto -
Turbulence model: k- -
Weak constraints: off -
Constraint type: Ideal -
(0] ;4 Cancel Help

Fig.C.3 Summary of application mode properties for indoor heat transport

4.3 Heat transfer model 2 in sub-domain 2 and 3

a Application Mode Properties x
Froperties
Default element type: Lagrange - Linear -
Analysis type: stationary -
Surface-to-surface radiation method:; [Hemicube -

Fadiation integration arder:

Fadiation resolution: 128 -
Cache view factors: Auto -
Turbulence model: Mone -
Wealk constraints: Off -
Constraint type: Iceal -
(] Cancel Help

Fig.C.4 Summary of application mode properties for heat transfer inside wall system
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4.4 Moisture transport model in sub-domains 1, 2 and 3

Application Mode Properties

Froperties

Default element type: |Lagrange - Linear -

Analysis type: stationary -

Equation form: Conservative -

Weak constraints: Off -

Constraint type: Ideal -
(8] Cancel Help

Fig.C.5 Summary of application mode properties for moisture transfer in whole
simulation domain

4.5 General form equations

Subdomain Settings - Equation System

Equation
Vel =F,c=-dTJdVuw a=-0F|du, =T, =-0F/dVu, x = -d["Jdu, f=F
Subdomain selection clalf[e [di[a B[y nit|Eement r Wealk r\-’ariables
; = Application mode subdomain variables
3 Mame Expression Lnit Description
gradTf_htgh |sgrtiabs{Tf)A2+absTh)A2+abs(Tfz)~2) K/m |Temperature gradient -
l_htah lexx_htah W/ Thermal conductivity
lkmean_htgh [k_htgh+kT _htgh W/ Mean effective thermal co—
lemeanl_htgh |k_htgh W/ Mean laminar thermal co
da_htgh rho_htgh™C_htgh 17 Total time scale factor ||
kT _htgh C_htgh*etaT _htgh/FPrT _htgh W/ Turbulent thermal condu
cflux_x_htgh |rho_htgh™u_htgh™(H_htgh+0.5" (u_htgh~2 +v_htgh*2 +w_htgh~2)) w,rm‘ Convective heat flux, x co
beta_x_htgh |rho_htgh™C_htgh*u_htgh Wy Convective field, x compd
dflux_x_htgh |-lxx_htgh*Tf5x _htgh-looy_htgh™TfSy_htgh-lkxz _htgh*Tf5z_htgh w;m‘ Conductive heat flux, x c
tflux_x_htoh |dflux_x_htgh+cflux_x_htgh-kT _htgh*Tfx u\r,rrnZ Tatal heat flux, x compo
cflux_y_htgh |rho_htgh™v_htgh*(H_htgh+0.5"(u_htgh~2 +v_htgh~2 +w_htgh"23) w;m‘ Conwvective heat flux, v co
beta_y_htgh |rho_htgh™C_htgh*v_htgh Wy Convective field, v compd
dflux_y_htgh |-loyx_htgh*TfSx_htgh-logy_htgh™ TfSy_htgh-lkyz _htgh*Tf5z_htgh w;m‘ Conductive heat flux, v cd
tflux_y_htgh |dflux_y_htgh+ cflux_y_htgh-kT _htgh* Ty w;m‘ Total heat flux, v compon
cflux_z_htagh |rho_htgh™w_htgh™(H_htgh+ 0.5*{u_htgh"2 +v_htgh~2 +w_htgh"2)) u-.r,rm‘ Convective heat flux, z co
beta_z_htgh |rho_htgh™C_htgh*w_htgh Wy Convective field, z compd
dflux_z_htgh |-kzx_htgh*Tf5x_htgh-kzy_htgh*TfSy_htgh-kzz _htgh*Tf5z_htgh w;m‘ Conductive heat flux, z ¢
tflux_z_htgh |dflux_z_htgh+cflux_z_htgh-kT _htgh*Tfz w;mz Total heat flux, z compo
- dflux_htgh sqri(dflux_x_htgh®2 + dflux_y_htgh 2+ dflux_z_htgh~2) w;m‘ Conductive heat flux
&2 cflux_htgh sort(cflux_x_htgh®2 4+ cflux_y_htgh®2 4+ cflux_z_htgh~2) w;m‘ Convective heat flux
[ Select by aroup tflux_htgh sqriitflux _x_htgh®2 +tflux_y_htgh*2 +tflux_z_htgh~2) w;m‘ Total heat flux
Dm_htgh (lxx_htgh*beta_x_htgh~2+ kT _htgh*beta_x_htgh~2 + kxy_htgh*be. .. |W/ Mean diffusion coefficient
cellPe_htgh |0.5"h*sani(beta_x_htgh2+beta_y_htgh*2+beta_z_high#2)/(Om... |1 |Cell Peclet number <]
4 [
| -
| Ok | | Cancel | | Apply | | Help

Fig.C.6 General Form of the governing equations defined in the coupling model with the
variables list generated by COMSOL simulation environment
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5. Solver parameters

Table c.1 Solver parameters manually defined for the coupling numerical model

Solver: Stationary segregated Group 1 Group 2 Group 3 Group 4
uv,w,p logk, logd T, ), Ts,Js | c
Linear Name BiCGStab GMRES GMRES GMRES
system Relative tolerance 1.0E-3 1.0E-3 1.0E-3 1.0E-6
solver Preconditioner | Name Geometric | Geometric | Geometric | Geometric
multigrid multigrid multigrid multigrid
Multigrid V-cycle V-cycle V-cycle V-cycle
cycle
Presmoother Name SSOR SSOR SSOR Vanka
Relaxation 0.8 0.8 0.8 0.8
factor
(omega)
Postsmoother Name SSOR SSOR SSOR Vanka
Number of 3 3 3 3
iterations
Coarse solver Name PARDISO PARDISO PARDISO PARDISO
Pivoting 1.0E-8 1.0E-8 1.0E-8 1.0E-8
perturbation
Check On On On On
tolerance
Damping | Damping technique Constant Constant Constant Constant
Damping constant 0.3 0.3 0.3 0.3
Jacobian update On every On every On every On every
iteration iteration iteration iteration
Matrix symmetry Non- Non- Non- Non-
symmetry | symmetry symmetry symmetry
Termination technique Tolerance | Tolerance Tolerance Tolerance
Maximum number of iterations 100 100 Constant Constant
Manual scaling 1 1 1 1.0E-4
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