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ABSTRACT

Within a closed environment, (e.g. building, car, aircraft) that is thermally and
hygrically isolated from the exterior climate, one approach that can help reduce the
energy required for indoor mechanical climate control whilst increasing comfort
levels for occupats is to use hygrothermal coatings on top of existing materials.
Hygrothermal coatings can-metroduce both thermal and hygric buffering within the
isolated envelope. Understanding of the behaviour of these coatings allows them to

be optimized for diffenet environments.

The overall aim of the research is to design the functional properties of inorganic,
nano structured surface coatings. mesoporous silica (MS) to produce desired
hygrothermal behavioural responses to climatic variables in a controlled
environment. This can be achieved through correlation of the hygrothermal
properties of desiccant materials with their microstructural cheniatics and
understanding the hygrothermal behaviour of the materials under representative

psychrometric conditions.

Stage 1 was to characterise the hygrothermal properties of the MS and other
conventional desiccant materials. Silica Gel, MoleculaiSiewe, Clinoptilolite and
Bentonitet o produce a O6Templ ate of functiona
input data for the numerical models. These tests included dynamic vapour sorption
(DVS) technigues for moisture absorption including cyclic adsorfatésorption

and sorption isotherms, wetip tests for vapour permeability, partial immersion

tests for liquid water absorption, modified transient plane source (MTPS) tests for

thermal conductivity and differential scanning calorimetry (DSC) for heat tgpac

Stage 2 utilised techniques to classify the pore geometry of the desiccants, including
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helium pycnometry for solid density, gravimetric testing for bulk density, N
physisorption for specific surface area, mesopore volume and mean pore diameter
with small angle Xray scatteringand transmission electron microscopy used to
corroborate the Nresults. Scanning electron microscopy (SEM) was used to confirm
material composition and purity and to indicate macropore distribution. A correlation
between the ygrothermal properties from Stage 1 with their microstructural

characteristics was then sought.

Stage 3 was a parametric analysis of the candidate materials hygrothermal behaviour
using the validated 1D numerical simulation software WUFI Pro v5.1. Further
analysis was carried out to assess how the numerical model could be used to tune the
functional properties of the MS materials to suit differing psychrometric conditions

in closed environments. A series of simulations using a representative climate
(Nottingham) were also run to compare the hygrothermal behaviour of the MS

materials to the conventional desiccants

A series of energetic 3D physical and numerical models (WUFI Plus w2rb
designed to study the resultant relative humidity levels in both pead¢uand
unoccupied spaces and under different air exchange rates due to the presence of the
hygrothermal materials in a closed environment. The 3D model was also used to
compare the operational energy usage of different retrofitting cases under the same
representative climate used in Stage 3 with three diffefesating cooling

humidification and dehumidificatiorHCHD) control scenarios.

The MS materials displayed significantly highdoisture Buffer Values NIBV),
equilibrium moisture contentE€MC) and faster response rates when compared to
the conventional desiccants. It was shown that WUFI Pro can be used as a design

tool for material functional properties, with the sorption isotherm, and in particular
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adjustment of thevsp T Wgo gradient of the lasorption branch isotherm being by far

the most sensitive parameter. In the MS samples,dyimamic vapour sorption
(DVS) response time has a significant andipee logarithmic relationshipvith

both the mesopore diameter and the mesopore volume impllyaigmesopore
geometry can be tuned in order to give the desired dynamic vapour sorption/
desorption response rate and storage capacity to suit a given set of interior
psychrometric conditions. It is therefore possible to tune an MS material to suit a

paticular set of psychrometric conditions using WUFI Pro.

The MS materials displayed outstanding passive buffering performance across a
range of exterior climate conditions combined with numerous internal moisture and
ventilation overloading scenariogroviding constant humidity buffering withithe
American Society ofHeating, Refrigerating and Air Conditioning Engineers
(ASHRAE) comfort limits. When compared against a rdtted gypsurmlined

indoor environment there was a potential reduction in humadio/

dehumidification energy demand of up to 100% when using an MS material coating.
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CHAPTER 1: Introduction

1.1 Introduction

The current stock ofJK housing & 25 million) consists of approximately 8.1

mi |l |l i on (w2 0) 6 66 ywp ewithd ppa |ehvelopg saterials and
construction techniques there are large energy losses due to increased heat and mass
transfer through the envelope and aifiliration and can result in space heating
dominating domestic energy usage in temperate clinfeit@sg et al., 2006Yoshino

et al., 2005. As a consequence of this, these domestic buildings account for

approximately60% of total UK domestic sect@O, emission{CALEBRE, 2010.

To improve occupant eofort and counteract operational losses, reduengrgy
consumption andCO, emissions there has been a Governahashtpush in recent
years toincrease the insulative performancetioése buildinggDCLG, 20073. The
nature of UK domestic housirgjock however, dictates that, in the majority of cases
this insulation coupled with vapour barriers can only be placed on the internal
surfaces of the building envelgperequiring high performance insulation
technologieghat arealsothin to minimise inerior space losses€ases where this is

applicable are:

7 Listed historic buildings where the outside appearance of the structure is
protected and cannot be altered, for example by external insulation cladding
systems

1 Buildings where local planning permissigs unlikely to be accepted due to
changes in the external appearance, e.g. housing estates

1 Terraced buildings where fitting external insulating to one building in
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isolation would not be acceptable.

Installation of insulation and vapour barriers to theenior of these buildingsi.€.
retrofitting) can effectively create an internal closed environment. An internal closed
environment can be classified as any internal space isolated from its external
environmenti.e. an isolated system (Brewster 2009), arah include domestic
buildings, containers (storage & transportation), vehicles (air, motor, shipping),
museums, heritage sensitive structures and archives. In the context of this research

domestic buildings will be the focus.

1.2 Hygrothermal Behaviour

As buiding envelopes are subject to hygrothermal loads, HG#ID load of a
buildings internal environment is sensitive to both the external and internal

environmental loads experienced by the envelope. These include:

1 Heat transfer to and from the material argsifrom short and long wave
radiation and sensible/latent heat gains

1 Heat storage within the material

1 Liquid and vapour moisture transfer to and from the material

1 Moisture storage within the material

Internal hygrothermal loads can include sensible/latesdt gains and moisture
vapour from occupants, heamnitting devices or moisture generating devices whilst
external loads include solar radiation, ground water, wind driven rain and moisture
generation. Each of these hygrothermal loads does not act kel or in 1

dimension(1D), but simultaneously as illustrated in Figute The hygrothermal

behaviour of a materi al can be defined
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properties as a result of the simultaneous absorption, storage and release of liquid

and vapour in the form of heat and moist@kainzel, 199%. This behaviour is

determined by the materials hygrothermal proper{BSi, 2007& and can be

considered as a O0template of functi

onal

1 Drystate ther mal conduct i vi-tdependerey, i n

a* f(w

Specific heat capacitg, in J/(kg K) and its moisturdependencyg,* = f(w)
Bulk density,} 4 in kg/n®

Apparent porosityn in m*m?

Sorption isotherm(s) for water vapour and capillary water, wiveref((i) in
kg/m®

Water vapour permeabilityy/ in kg/(nf s Pa)

Liquid water absorptionAy in kg/m?s™®

EXTERIOR

Building Envelope

Air pressure difference

Solar radiation

(direct & diffuse) =

Heat exchange with Heat exchange with
ﬁ ﬁ indoor environment

outdoor environment

INTERIOR

Wind driven rain =

Vapourexchange with ‘ ' Vapourexchange with
outdoor environment ﬁ indoor environment

Groundwater I

Figure 1 - Hygrothermal fluxes and their alternating directions across a building
envelope. Adapted fronfASHRAE, 2009
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In a building specific internal closed environment the hygroscopic fabrics that were
previously exposed (e.g. brick, masonry, gypsum, plaster or timber surfaces) are now
thermally and hygrically isolateffom the internal hygthermal loads due to the
retrofitting of the insulation/ vapour barriers. This can give rise to amplified maxima

and minima in air temperature and relative humidRH) variations, negatively

affecting occupant health and comf@@IBSE, 2006 Hall, 201Q Jayamaha, 2006

Poor occupant health can manifest as MfAsi
levels ofRH, whilst elevatedRH levels can lead to irritation of the upper respiratory

tract Energy penalties caalso be incurred due to the additional interior climate

control required from mechanical systems such as Heating Ventilation and Air

Conditioning (HVAC) (Kalamees et al., 200%iddament and Orme, 199&rme,

2009

It has been shown that hygrothermal materials can be used to reduce the HCHD load
by reducing temperature and relative humidity variatiors creating a passive
buffering effect(Allinson and Hall, 2010 Cerolini et al., 2009Hameury, 2005
Kinzel et al., 2004 Osanyintola and Simonson, 2Q0Ramos et al., 2030
Conventional humidity buffering materia(ge. timber, natural fibres and clagan
require largematerial depthgo effectively eliminate any significant variation in
relative humidity as a function of timee. passive bmidity buffering incuring
interior space losseMany desiccantgi.e. natural and synthetic zeolites, molecular
sieves and silica gel$jave high specific surface area (SSA) and high porasity
exhibit good moisture vapour absorption howevepredefined microstructural
characteristics result in set levels of moisture uptake and st(E&ageet al., 2006

Ng et al., 200)L

Hall ard Allinson (2009a) concluded that it is not the moisture storage capdcity o
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hygrothermal materials, but the rate at which they respond to fluctuations in
humidity variations that is key to providingumidity buffering. The performance of
hygrothermal materials in this regard is related to optimising their response rate
through manipulation of the pore structute@ match any anticipated humidity
fluctuations.It would thereforebe advantageous to hazemateriathatexhibits high
specific surface area argh porosityto provide elevated moisture vapour storage
levels, but where the pore geometgould be precision engineered to alter its
hygrothermal behaviouand response rateproviding humidity buffering to suit
different climatesi.e. fluctuations of RH. With regard tohealth and safetyn a
domestic contexta mateial that is inorganicnoncombustibleand inert would also

be advantageous.

Mesoporous Silica (MS) materials are inorganic and exhibit very high porosities
(typically > 90%) coupled with large specific surface areas (fromi 75800 nf/g).
More importanty, they can also be synthesizading the surfactant methdqdee:
Section 3.1.1)with a finely controlled, preletermined pore geometiye. shape,

diameter(Jana et al., 2004

1.3 Overall Aim

The aim for this research is ttharacterisghe functional properties of inorganic,
nanastructuredsurface coatingsand correlate these witmesgore geometryto
produce desired hygtteermal behavioural response and buffering of changes in

climatic varialbeswithin aclosedenvironment.
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1.4 Hypothesis

The hypothesis as set out for this research is threefold;

1. Pore geometry of mesoporous silica materials can be correlated with their
hygrothermal behaviour.

2. 1D hygrothermal numerical software (WUFI Pro v 5cBn be used as a
material selection tool by O6tuningo6 m;

3. Mesoporous silica materials can provide occupant comfort in closed spaces

by maintaining relative humidity levels within ASHRAE comfort limits.

1.5 Research Objectives

To achieve tls aim, the following research objectives have been set out;

1. To identify (specifig candidate desiccant materials and appropriate
experimental characterisation techniquasstate of the art literature review
on the current use of hygrothermal materi@shaviour, modelling, #ory
and research in the field witle undertaken.

2. To correlate pore geometryith hygrothermal behaviour by producirey
Ot empl at e of f usngexpgeronerdal chgracteripagon ofithe s 6
hygrothermal functional propeesand pore networksf the materials as set
out in Section B.

3. To determinethe materials hygrothermal behaviowr terms of moisture
uptake and response ratedtune behavioural response to climatic variables
through parametric analysigsing the 1D yigrothermal numerical modelling
package WUFI Prov 5.1 (IBP, 2012h validated using 1D physical

modelling.
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4. To determineRH buffering potential whemsinghygrothermal materials a
notional domestic building environment wanddifferent occupames and
ventilation scenarios with both parametrically varied arepresentative
external climatesising the 3D energetic numerical modelling package WUFI
Plusv2.1.1.73(IBP, 2012avalidated using 3[@hysical models

5. To determineoccupant comfort aaditions and anyotential HCHD energy
savings when using hygrothermal materials compared to standard retrofitting

cases using the validated WUFI Plusv2.73 model.

1.6 Limitations of the study

Due to the time scale of the research, limitations will befaethis study.This
research project is primarily focussed on gaining fundamental understanding of the
structureproperty relationships of desiccants so that response rate of interior
hygrothermal material coatings can be tuned to suit varying climatiditcans. In

this regard this studydoes not focus onesearch into the manufacturing methods,
including R&D, which may be used to produce a useable product for various
markets. Areas such as product appearance (colour, texture etc.) and costs are also
excluded, allowing the research to focus primarily on the functionality of the

desiccants

For the numerical modelling used in this reseaitcis assumeda thin powder
coating of hygrothermal material will be used that will be attached tbthe | di ng o s
interior envelope wallThere are severahanufacturing methods that could be used

to apply this coating:

1 bonding to a supportive substrate surface using glue

1 sintering of the particles to form a rigid lattice
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1 containment of the powder particles withipermeable enclosure

Manufacturing methods and product development including investigation of
mechanical and structural properties of the coatifigs stiffness, compressive

strength etc.however, does not form part of this research

S Casey 8



CHAPTER 2: Scientific Background

CHAPTER 2: Scientific Background

2.1 Introduction

This chapter provides a background to the research including a state of the art
literature review on the current use of hygrothermal materials, behaviour, modelling,
theory and research in the field, whilst also settingthe impetus for the use of MS

materials over more traditional materialgoported by relevant fundamental theory

2.2 Psychrometrics

The air thatoccupies any environmens composed of many individual gases
including nitrogen, oxygen, carbon dioxide andter vapour. There are also other
constituents including other gases, air borne contaminants and polluiants (
particulate matter and dust mites etc.). The field of psychrometrics is the study of the

thermodynamic properties of air containing water vap@. moist air.

There are manyerms associated with the studyrobist air with definitions often
being misused. As there is extensive use of these terms in this thesis clarification is

provided here

1 Dry Air is atmospheric air without any water vapou contaminants present.

1 Moist air can bedefined as a binary mixture of dry air and water vapour. The
amount of water vapour present can vary from ze \ater vapoyrto a
maximum level (saturated)that is dependent on temperature and pressure
(ASHRAE, 2009&

1 Humidity Ratio (W). Can be referred to as the mixing ratiomoisture content

andis defned as the ratio of the mass of water vapoyrto the mass ofdryd
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air, my in the mixture:
7 . Eg 2.1
a qe

1 Absolute Humidity (dy) or vapour concentratios the mass of water vapoun,

per unit vol wgeadisogivenbynoi st é6 ai r,
Q o
o Eq 2.2

1 Atmospheric Pressure(Po) is the pressure exerted by the air surrounding us and
can vary with temperature, altitudecalised geographicglositionand weather
conditions. At sea level (altitude =rf)) andT = 15 C Py = 101.325 Ra(Kaye
andLaby, 2012.

1 Saturation Vapour Pressure(psa) can be defined ake upper limit for a given
temperature at which an equilibrium exists between the condensed and vapour
waterphasegqTrechsel, 1994 For T > 0 C, psa: Canbe obtainedrom moist air

property tablesr calculated using EQ.3(ASHRAE, 2009
[l 6TY 6 6°Y 6°Y 6°Y 6 11Y Eq2.3

WhereT is absoluteemperaturd C + 273),C, = -5.8040°, C, = 1.392,C;3 = -

4.864072 C,=4.1810°, Cs=-1.4580° andCs = 6.546.

1 Partial Vapour Pressure (p,) is defined as thepartial pressure of the water
vapour portion othe moist airmixture For any givenrl, p, cannot excee@s,:.
Whenp, = psatthe moist air is described as saturated air.

1 Partial Air Pressure (py) is the partial pressure of the dry air portion of the

moist airmixture such that the total pressure of the mixture is the sum of the two
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partial pressures.e. pa + pv.

1 Relative humidity (RH) can be defined as thiatio of partial vapour pressute
saturation vapour pressure within a finite volume gtvaen temperatureRH is
commonly expressed agparcentage and it follows that at its highest lefR €

100%) the air is saturatedRH can be calculated using
v N
YO n Ppnn Eq2.4

1 Dry Bulb Temperature (T4 IS @ measure of the heat contene.(internal
energies of the gas and vapour) of ambantlt can have units of CelsiusQ)
or Fahrenheit ) with Sl units of Kelvin (K =C + 273.15).

1 Wet Bulb Temperature (Typ) is the temperature of adiabatic saturation. If a
bulb thermometer is wrapped in a saturated wick t{oaous water supply),
evaporation will occuat constanf andRH from the wick until an equilibrium is
reached with the surrounding air. When placed alongside a bare bulb
thermometera deressionn measured,, will be evident in the webulb due to
evaporative cooling at the bulb surfadéde ®DT from Ty, to Ty, cOrresponds to
relative humidity(%RH). For example, ifTy, = Tgp then RH = 100% with no
evaporation possible as the air is already at saturation.

1 Dew-Point (D) is the temperaturat which the partial vapour pressure is equal
to the saturation vapour pressuleis the temperature at which condensation
begins to occur under normal conditions whenntiwgst airis cooled at constant

pressurgBSi, 198]). At RH = 100% them, = Tgp.

The psychrometriccharts used as a tool to 6émapd cha
air. It is a plot of ke relationship betweeny, Tw, and RH and can be used to

determine any of the other psychrometric conditidds. the simplified chart (see
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Figure2), if the two parametery, = 27 C andRH = 30%arechosenthe values for
Tw and W can be estimated af7.5C and 40.0065 kg/kg respectivelyThis
compares well with calculated values of 7@%nd 0.0066 kg/kg. The chart can also

be utilised to display extended periods of datafmurrence ofy, andRH.

2 30 3 40 4 50
s T+ 0.0200
/ ‘ ’ F 0.0180
F 0.0160
"?/ [
~ 0.0140
OQ { r =
< =
$ i =
A7 & 00120 2P
¥ o ’ g8 L =
O $ i ==
N 5]
L 00100 S
8 [ 2
D [ 0.0080 -=
r S
L =
5 E 0.0060
W [
F 0.0040
F 0.0020
—_————— —_————————— 1+ 0.0000
-10 = 0 5 10 15 20 25 30 35 40 45 50
T (°C)

Figure2 - A simplified psychrometric chart.
2.3 Occupant Comfort

Occupantthermal comforisaper sondés perceived comfort
environment. According to theandard BS EN ISO 7730:20(BSi, 20053 comfort

can be defined athe condition of mind which expresses satisfaction with the
thermal environmentln the context of this research the environment idosed

space (seeSection 1.1)Comfort is not determined from temperature offharsons,

2003, but from the interaction of other parametaduding

1. airtemperature

2. mean radiant temperature
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3. relative humidity
4. airvelocity
5. metabolic heat generation

6. clothing

The human body is constantly subjected to the influences eofetivironmental
factors (1, 2, 3 and 4) with utilisation tie personal factoré and 6) to achieve
comfort In an attempt to regulate itself at a constant temperatueebodyuses
biological thermoregulatioprocesses to act against these influeneeaporation of
sweat, respiratory evaporation, conduction, convection via the blood, radiation and
metabolic storageThe thermoregulatioprocess may be represented by hbeat

balance equatiofASHRAE, 2009
0 w n N Y Eq 2.5

WhereM is the total metabolic heat production rai¥,is the rate of mechanical
work accomplishedgsx and ges are the rates of heat loss from the skin and
respirationrespectively ands is the heat storedall units are W/rf). Whilst it is
possible to easily measure and monitor the environmental and personal factors
contributing towards thermal comfort, it is $esimple to measure the physiological
phenomenas comfort isa subjectivemeasureThere are two measures for comfort

analysis:

1. Personal and environmentalhowthe person feels (hot/cold)

2.  Acceptance and/or tolerance of the thermal environment.

The Predicted Mean Vote (PMV) and Percentage of People Dissatisfied @p&D)
used to give a qualitative indication of

calculated using the standard BS EN ISO 771BGi, 20053, whilst subjective
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judgement scales can be found in BS EN ISO 1(@B%lL, 2001&

In addition to thermal comfort, there is also an expectatiorathacceptable level of
indoor air quality (IAQ, with respect to pollutionbe provided for occupant3he
causes of pollution will generally stem from one of (or a combinatiorpabyly
maintained environments, poor ventilation, biological contamination, internal
pollutant generation and externalllpgon ingress(Maroni et al., 1995 Typical
pollutants found in the indoor environment can be seen in TaBlee affect of poor

IAQ can be manifested as pooralta, with symptoms including dryness of the eyes,
nasal cavity, mucous membranes and skenisi ck bui |l ding syndro
reducedlevels of RH, whilst elevatedRH levels can lead to irritation of the upper
respiratoryincluding nasal congestionneezing,runny or itchy nose and throat
irritation, as well as coughing, wheezing and asthma. Other health effects such as

tiredness and headaches are also common.

Type Pollutant Source
Organic Volatile Organic Compounds (VOCs)  Cleaning agents, Cosmetics,
Furnishings, Tobacco
Pesticides Agricultural spraying
Formaldehyde Tobacco, Lacquers, Varnish
Inorganic Carbon Dioxide (Cg) Breathing, Combustion
Carbon Monoxide (CO) Combustion, Tobacco
Nitrogen Dioxide (NQ) Combustion, Tobacco
Physical Particulate Matter (PM) Combustion, Biological,
Tobacco, Aerosols
Man Made Mineral Fibre (MMMF) Furnishings, Insulation
Biological Dust Mites Bedding, Furnishings
Allergens Pets, Vermin, Pollen
Bacteria HVAC, Humans, Animals,
Dust Aerosols
Fungi/Mould Damp Organic Matter

Tablel - Types and sources of indoor polluta(@pender et al., 2001

As discussedh Section 1.1an occupied closed environment can resuihaneased

fluctuations ofT andRH. Combining these can lead to moisture accumulation within
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the indoor spacelue to decreased air exchange with the exterior environment,
reducing IAQ The relative impact of various pollutantbgr associatediological
problemsand sourceacross thérH rangecan be seen in Figu For this research

the ASHRAE comfort zonds described ashe acceptable range BHat T &4 23 C

that will provide occupant comfort whilst minimisinmpllution andimprovelAQ. It

should be noted that whilst the ASHRAE standard4664) recommends an upper

limit RH = 70% at 23C, it does not smEfy a lower RH limit but recommends a

minimum dewpoint temperature of £. Many studies have suggested vari&ls
6comfort bands 6 s ucRPGQErund @toal., o2 460 % a't 1
60% (Hines et al., 1993and 40% to 70%Tsutsumi et al., 2007 The lower limit of

RH = 40%, & suggestetly Tsutsumhas been adopted hdog a UK climate

ASHRAE Comfort Zone

Bacteria

Viruses

Funghi

Mites

Resiratory Infections

Rhinitis

Chemical Infections

Ozone Production

0 10 20 30 40 50 60 70 80 90 100
RH,., (%)

Figure 3 - Factors influencing health and hygiene showing comfort rang&I#yr
(40%to 70%). Adapted from{Simonson et al., 2001

Guidelines for IAQ measuregnt can be found in the international standard BS ISO
16814:2008BSi, 200§. With IAQ expressed either in terms of the health risk to the
occupants or in terms of the acceptability, based on the occupants Perception of Air

Quality (PAQ). ThePAQ method of expressing IAQ uses subjective scales derived
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from questionnaires similar to those used for PPD.

2.4 Hygric Theory

As discussed in Section 1.2, there are functional properties that influence the hygric
behaviour of a material. These include buwknsity, } pux apparent porosityn
sorption isotherm(s) for water vapour and capillary water, water vapour
permeability,i and the liquid wateabsorption A,. The following sections present

theory relevant to these properties.
2.4.1 Porosity

A material that is described &ygroscopic i(e. porous andpermeable)will allow

moisture to be transported into and within it. In order to accurately determine the
moisture content of any specific material, it is necessary to understand the pore
structue of that material. Considering a finite volume of porous mateasala

system the soil mode(Barnes, 2000can be adapted from soil mechanics principles

to show the relationship between mass, volume and constituenisF{geee 4).
Moistureenterig t he system can be classified as

the system is classified as O0desorbed?d.

A material will have a total volume&/; made up of solidsys and void spaces,.
When a liquid iie. water) enters the system it can displace any igasai{r) present,

Vg with an equivalent amount of liquid_ikewise the material has masses equivalent
to the volumes with the exception that the mass of air is assumed to bezer0,

where the totainassm as the sum of the solid mass,and liquid massn only.
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Volumes Constituents Masses
Air AR Air M= 0
Va nza
Voids

b Wat Wat

ater WATER ater
Vw My

Total
volume
Vi Total mass
m;

Solid SOLIDS Solids

Vs ms

Figure4 - A three phase model for porous materials adapted: f@arnes, 2000

There are many types of pores that are common in materials and a description of

these are shown in Figubeand classified in Tabl2.

C

Figure5 - Cross section of a porous solid showing typical pore types.
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Pore Type Designation in Figuré
Open b,c,d,ef

Closed a

Blind / Saccate b, f

Through c,d

Cylindrical c, f

Funnel d

Ink-bottle b

Table2 - Range of pore types and shapefPAC, 1994

Porosity can be defined as the ratio of the total pore volume to the apparent volume
of the particle or powdefIUPAC, 1994. It is important to note that this excludes
inter-particle voids. In this research it is the open porosity that will be stated at all
times (.e. the volume of pores that are assible to moisture vapouas it is the

open porosity that determines the maximum water content at satunagiari, a
material Open porosityn can be calculated if the solid densityand bulk density,

}buk @re known. Solid density will be measured using gas pycnometrySesegon
3.2.1.9 and bulk density will be measured using gravimetric testing Seetion

3.2.1.3. Equation2.6is used to calculate (%):

”

E p — Ppnum Eq 2.6

According to the International Union of Pure and Applied Chemistry (IUPAC)
(McNaught and Wilkinson, 199T.al and Shukla, 20Q4pores can be characterised

asshownin Table3.

Pore Description Pore Size
Ultra-micropore 00.7nm
Micropore O2nm
Mesopore O2nm,050nm
Macropore O50nm

Table37 Range and classification of pore sizes.
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2.4.2 Moisture Storage

Moisturecan be stored in a material as vapdiquid or solid (ice)or a mixture ofll

three statesDepending on the environmental conditions, the moisture can undergo
phase transitions between these staisghe relative humidity of air surrounding a
hygrosopic, capillary active material increases, the moisture conterdf the
material will also increase due to vapour and liquid trangferabsorption)to the
material and storage within the pore networke classification of this moisture
within the porous material is governed by internal void geometry and electrostatic
surface charge for a given temperature and partial vapour preddalieand

Allinson, 20093 A material will absorb and store moisture in three domains;

1. Hygroscopc domain- Moisture vapour absorption
2. Capillarydomaini Liquid water absorption
3. Gravitational (Super Saturatedpmaini Liquid water absorptiomnder an

external pressure gradient.

Ws on \I] _
—e-Adsorption  —#-Desorption Gravitational %
Region = 4
We 4

Capillary

Region
T (©) W,
£ (A) (B)
E jf—re >
Ic
=
3
z
A W,  Hygroscopic
:E' Region

v
gy
o E
RH = 80% E w4
RH —

Figure 6 - A typical moisture vapour isotherm showing pore filling stages and
transport mechanisms

S Casey 19



CHAPTER 2: Scientific Background

Moisture vapour absorption data can be represented with a sorption isotherm (See:
Figure 6) which defines the relationship between the external psychrometric
conditions (.e. RH and T) and moisture uptake. The absorption process occurs
through monolayer adsorption to the pore walls (A), followed by muttiecular
formation (B) a9, increases followed by pore filling (C) occurring due to capillary
(Kelvin) condensation. There are a number of different isotherm types which are

characteristic of the porous nature of the materials being testedFigure).

A Type | isothermtypicaly has a concave curves usually reversibla.e. no
hysteresis, and has a defined limiting valuepgs Y 1. Type | isotherms are
representative omicroporous solidwith relatively small external surfaceshere

the limiting uptakevalue is determinetdy the accessible micropore volume rather
than by the internal surface arégpe Il isotherms display unrestricted monolayer
multilayer adsorption as evidenced by the increasing adsorptiofpa¥ 1 and are
representative of a ngoorous or macroporousdsorbent. Point B on the isotherm
indicates the stage at which monolayer adsorption is complete and multilayer
adsorption begm Type Il isotherms with convex curves over the entire range do

not exhibit a Point B and are not common.

Typically, for solids with poresin the mesoporous ranged a tightly controlled
mean pore diameter, a type IV isotherm would be expedigoe IV isotherms
usually have characteristic hysteresis loops, which are associated with capillary
condensation taking place in mesog® and have a limiting uptake p4p Y 1.

Type V isotherms display characteristics common to Type Il and Type IV with
weak adsorbent/adsorbate interaction but strong capillary condensation and
associated hysteresis. Type Mbthermsare characteristiof stepwise multilayer

adsorption on a uniform ngomorous surface and are not comm@mhassification of
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the full range of isotherms can be found in British and international stan@8ds

1996 IUPAC, 2004.

Type I Type I Type 111
3 g
Nal
o)
;_n
= Type IV Type V Type VI
=
<
=i
<

B

relative pressure (p/p,) —

Figure71 Adsorption isotherm classificatioAdapted from(Sing et al., 198p

As discussed, some isotherms display hysteresjssibetween the adsorption and
desorption branches of the isotherm. This hysteresis is usually associated with
capillary condensation in the mesopus solidshowever it can also occur due to
adsorption of the moisture vapour on the pore walls having a high enthalpy of
vaporisation, requiring greater energy to desorb from the pore volumeqgpiAeris
negative As with isotherm shape, hysteresis ¢tanindicative of many pore types

H1 hysteresis loop&ee: Figure) typically seen in mesoporous solids are indicative

of agglomeratesi.€. rigidly bound clusters of particles) and have near vertical and
parallelisotherm branches due to their narrow pore size distribution. H2 loops have
traditionally been associated with the difference between the condensation and
evaporation mechanidmstbebdutypergddai ebi 0 s
and are difficlt to interpret correctlyType H3 hysteresis loops are associated with

Type lll isothermwhilst H4 loops are associated with Type | isotherms. These loops
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are often indicative of aggregates of plhke particles which give rise to sighaped

pores witlin the material.Many microporous solids display non reversilbsv
pressure hysteresis p4yp Y 0 as indicated by the dashed line in Fig8r&@his can

be due to the adsorption of molecules through pore entrances of about the same
width as that of the adrbate molecule or in some cases irreversibimisorption

of the molecules with # pore wall. Regeneration tfiese solids to a dry state is

only possible by outgassing at high temperatures.

H4

amount adsorbed. n —

relative pressure (p/p,) —

Figure8 - Isotherm hysteresis Ipoclassification. Adapted from: (Sing et al., 1985)

In the hygroscopic regionf the adsorption isothernbelow the residual moisture
content, W < w;) (see: Figure 6moaisture is adsorbed as vapour through inter
molecular adhesion to the pore wall surfages. adsorbenti adsorbate) and
cohesion to other molecules.e( adsorbatei adsorbate). This iglue to both
dispersion and dipoldipole forces Known asVan der Waals forcesand including
hydrogen bonding Where the adsorbert adsorbate forces are greater than the

intermolecular forcesf the water molecukg adsorbent or surface wettiogcurs.

The saturation vapour pressupe,: abovea flat surface of liquidvateris dependent
upon the pressure applied the airsurroundingt (atr = D) andat a given DPathe

Psatcan be calculated using E2}7 (Atkins and de Paula, 2006
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N n Q7”7 Eq 2.7

Equation2.7can be expanded to gEgw2 wWwed mands e
pore of radiusr, the water will form a meniscus and be curved, ats@ known
radius,r. The conditiom] < f° now existswvhere he saturation vapour pressure

of liquid water insidehe poreis less than thdor a flat surface.
N n Q Y7 Eq 2.8

The Kelvin equation can be rearranged to determine either the critical radius of a

void (reir) for a given RH (py/psat A100) or the RH for a givenrcy at which
condensation occurs in the psrégsee Eq2.9. According to Kelvinbo
entering a porous solid will begin to condense and pore filling eeduen thepore

radiusr is lessthan thecritical pore radiusr(< r ).

vo ApSi®

If the RH surrounding the solithcreasesvith a corresponding increase of moisture
vapour within the pore volumthen it follows thatrg;; also increass leading to
greatempore condensatioffilling) and therefore increased Thereis anequilibrium
moisture content (EMC) reached for any givalue ofRH (0 to 100%) at a constant
T for a particular material. EM@an beplotted againsincreasing #dsorptiof and
decreasing desorptiol levels of RH to give a materi@ sorption isothermThe
moisture storage functias, is calculated from thslope of thdinear portion of the
sorption isothernbelow w = wgy as, whenRH passes 80%apillary condensation

increasing more rapidly.

In the capillary regionw, < w < w), asthe vapour pressure increases abtihe
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hygroscopt range whereRH Y 100% capillaity becomes dominant increasing
moisturestorage Moisture content within the pores increases due to capillary action
where the water rises in the pore to achipressuresquilibrium with thepore air

(see Section2.4.3.3. In the gravitational regiorfw, < w < ws), where capillary
potential approaches zerd,Y 0 the material is at capillary saturatioks no more
moisture can enter the volume through capillarity, anyher moisture storage can

only occurwith increased external pressumeby gravity (Hall and Allinson, 2009a
2.4.3 Moisture Transport

As a fluid is absorbedthe nature of the porous network (geometry, radius, surface
charge and temperature) determines its fluid phase and its associated transport
mechanismSimilarly to moisture storage, there are different forms of mass transport
mechanisms, vapoucapillary andsolid transport.In the context of this research
vapour and capillary transport will be considered. For any transport mechanism to
occur there must be a drivingotential. Table4 contains the principle driving

potentials for mass transport.

Transport Mechanism Fluid State Driving Potential
Vapour diffusion Vapour Vapour PressurepRH)
Surface diffusion Adsorbate Concentration
Capillary flow Liquid Capillary potential(
Gravitational flow Liquid Height (pressure)

Table 4 - Principle moisture mechanisms, states and driving potentials. Adapted
from: (Trechsel, 1994

2.4.3.1 Vapour Transport

Due to the complex pore structures found in most materials, vapour transport may

ocaur by any one, or a combination of:

9 Fickian diffusion
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I Knudsen diffusion

9 Surface diffusion

In general, Fickian diffusion occurs in larger pore sizes (macropores) that are air
filled, with Knudsen diffusion occurring in very small pores. Surface diffusion

occurs along the surfaces of the pore walls.

The pore classification mentioned in the Secfiohlis derived from the adsorption
performance of a pore. In micropores the overlapping surface forces are dominant,
whereasthe surface force and capillary forces pervade in the mesoporous range
(RoqueMalherbe, 200y, In the macroporous range the pore geometry contributes

little to the adsorptionlue to the reduced specific surface area and greater pare size

(A) (B) (©)
® o O v 4
%e o o I )
o0 © o : )
Y X ) @) ( )
o0 © : : 1
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(=
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Figure9 - Moisture vapour molecular diffusion mechanisms in porous solids.

Figure9 shows thatn larger poregA) transport is by Fickian diffusion as the pore
radius is larger than theean molecular free path (MMFP) which is the average

distance it travels before colliding with another moledded et al., 200} Here
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collisions between molecules am@re frequent than collisions with tipere walls.

As the pore size decreaséB) Knudsen diffusion becomes dominant whéehne
MMFP increases and collisions with the pore walls becomes more frequent.
Monolayer and multilayer adsorption can be see@ end Dwith surface diffusion
occurring aghe moleculesnigrate along the pore wall$he molecules can also fill

the porgE) due to capillary condensation.

Fickian or molecular diffusion is the redistribution of a gas from a high
concentration to a low concentratiop() through pores or void spaces inatrove

the macropore rangEickas law of diffusion is given as:
0
Qp 00— Eq 2.10

Where"Q is the mass fluxQ is the coefficient of diffusion and is the mass
concentration of waterapourin air. In ideal gas behavious can & expressed in

terms of pressur@ 1 0 7Y "YSubstituting this into EQR.10gives:

T Eq2.11

0
o , ,
B O'_Y VI

WhereM,, is the molar mass of watei.he water vapour permeability of still aif,
is given asO) 7TY Y This allowsF i c lawd ® be rewritten for water vapour

flow in quiescensir as:

Lo Ti(b Eq 2.12

The vapour permeabilitpf a specific materiall is the moisture transport that occurs

within the materialzia Fickian diffusion The vapouflow is given by:
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Q0 Tid) Eq2.13

In practicethe product of the materials water vapour permeannd its thickness,

d (see: Eq2.19 is used to calculateé The water vapour permeance is defined as the
water vapour flow rateG (i.e. gan/'t) through the material divided by the product of
the water vapour pressure differengp, between its two exposed surfaces and the

exposed surface ares,

9
5 Eq 2.14
T X Eq 2.15

The water vapour diffusion resistance facwis also used tindicatea mat er i al 6
permeability to moisture vapoutt can be defined as thetio of water vapour
permeability of airfl; to that of the material] (See: Eq2.17). The resistance factor
indicates the ratio of aofanaetually thieakllayes v ap o
of quiescentir underidenticalconditions.Calculation ofe is necessary as it is used

as a primary material property input in the WUFI numerical models used later. Use

of € requires the calculation of;; using Eq2.16and Eq 2.17(Trechsel, 1994

— Eq 2.16

mMinnncyne'y B8
Y JIYDN ¢ X®u Eq2.17

2.4.3.2 Transition from Vapour to Capillary Transfer

As discussed previously, whehe RH and thusw increases, a transition from the

vapour diffusion to capillary flow occurs (sekigure 10). Considering a typical
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winter scenario,tican be seen from tHegure that, even wheninterior RH levels
(RH) arelower than the exterioRHexy), Fickian diffusion will occur from interior
to exterior due to the highdr and thusp, in the interior(Klnzel, 199%. As w
increases in the por@v Y w;), monolayer and multilayer adsorpti@ecurswith
surface diffusion occurringn the opposite direction to the vapour diffusias the
molecules migrate along the pore wdtlsm the thicker sorbate film on the exterior
side (higherRH) to the thinner interior filmWith the onset of capillary flovasw

increasegw; <w < w;) moisture flow is completely reversed from vapour diffusion.

R >< -
Py - RH -

__ VapourDiffusion with
= porewall adsorption

e

- VapourDiffusion and

Surface Diffusion

e

Emmmmmp> Capillary Flow

v

W+

Figurel10 - Graphical representation showing the reversal of moisture transfer during
the transition from vapour diffusion to capillary flow in a pore. Adapted from:
(Kinzel, 1995.

2.4.3.3 Capillary Transfer

Capillary flow or capillarity (sometimes referred to as suction) is the process of
water rising in a capillary or pore in order to equilibrate the pressure differential

caused byps,: at the curved surface of water inside the pore being less than that of
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the surrounding aifln a pore or capillary tube, the adhesion forces at the surface of
the pore wall are greater than tilermolecularcohesion forcesvithin the liquid.
This gives rise to the cHgare Al iInereased t i C
surface tension alongside an increased ratio of adhe® cohesion will result in

increased capillarity.

Apv"’F =Py F :pngh

Figurell- Capillary rise in a pore showing meniscus formation.

The height of a water column inpmre can be calculated usirteg. 2.18 (Hall and

Hoff, 2002 assuming pressure equilibrium has been readhed (0 ):

Q ”—Q Eq 2.18

Liquid water absorption or water absorption coefficiéntby capillary action, is the
ability of a homogenous permeable material to absorb and transfer liquid water. It
can be defined as the mass of water absorbed by a sample per exposed surface area

and per square root of time (kdgfsh).
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2.5 Thermal Theory

As oulined in Section 1.2 the dhigt at e t her mal conductivit

capacity, ¢, (including their moisture&l e p e n d e n c icg sespectvely) aren d
functional properties of a material that contribute to its hygrothermal behaviour.

Theoryrelevant to these properties is presented in the following sections.
2.5.1 Heat Transfer

Although heat transfer occurs through many mechanisitign the context of this
research it is transfer by conduction that is of intetdeait transfer via convection
andthermalradiation are considered during the numerical modelling however, it was
not necessary to investigathese propertieexperimentally Heat transfer by
conduction,Q is the transfer of energy between neighbouring molecules due to a
temperature graent (Baehr and Stephan, 2006rhermal conductivity,/ is the
ability of a material to conduct energy in the form of heatal be defined as the
quantity of heat transmitted, due to unit temperature gradient, in unitutirder
steady conditions in a direction normal to a surface of unit area, when the heat
transfer is dependent only on the temperature gradi€aye and Laby, 19951t is
deri ved f rlawiseeFaoud?d) and carsbe expressed by BdL9

W
Y

S~
e

Eq 2.19

K

Whereqy is the heat flowx is the depth andir is the temperature difference.
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T

N ) %

T

Figurel2 - Figure illustrating Fourier's law of steady state heat conducidapted
from: (Incropera et al., 2007

From the definition it can be seen thatis dependenton the surrounding
psychrometric conditiondn a hygroscopic, permeable material an increaseHn
results in an increase w (see: Section2.4.2). Increasingw, results in gradual
capillary filling of thevoid spacs with formation of interparticle menisc{Hall and
Allinson, 2009p. Due to the higher thermal conductivity of liquid moisture over that
of air, and the increased inparticle contact from menisci bridging, there is an

increase in the heat flowy of the moist samplésee:Figurel13).

Moisture Content

qx

Case A

Figure 13 - Figure illustrating increased heat flow due to increasing moisture
content.
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A greater increase in heat flog can also occur due to convective heat transfer

the vapour phase within pore netwarléss discussed in HalM, 2010 when a
temperature differentialgfl = T, 1 T,) is placed across a material, moisture vapour
on the higher temperature side)(will vaporise and migrate towards the cooler side
(Ty) via diffusion (see: Sectiof.4.3.9. This combination of sensible transport via
conduction in the material, convection in the vapour and latent transport when the
vapour condenses &f significantly increasegy. This can be further increasedcgb
increases wherkquid water can accumulate & resulting in increased capillary
potential,d and liquid transfer back td,. These mechanisms can become cyclic

resulting in significantly higheay over that of a dry or inter particle wetted material.

The thermaldiffusivity, a is the rate at which heat diffuses through the material via
conduction. Materials with high diffusivity will reach equilibrium with their
surrounding environment more quickly. The diffusivity is a function of thermal

conductivity, bulk density (for hygraspic materials) and specific heat capacity:

— Eq 2.20

The thermal effusivityp is the magnitude of heatansferredon contacti.e. when
touching a piece of steel and a piece of plastic, at equal temperatures, the steel will
feel colder as there is a greater magnitude of heat transfer on contact due to its higher

effusivity overthat ofthe plastic. It can be calculated uskg 2.21
f S® Eq2.21

2.5.2 Heat Storage

Specific heat capacity (at constant presswgs, the ability of a material of selected

S Casey 32



CHAPTER 2: Scientific Background

mass to store energy in the form of heat. It can be defined as the quantity of heat
necessary to raise the temperature of @ onass of material by 1 K at constant
pressure. It can be expressed byZEg2

0

i s G Eq 2.22
w a ~ q

< '~<~c

Whilst it is the sensible heat storage of materials that is of interest here, a brief
description of the theory surrounding latent heat storage is also preseansthle

heat storageQs is the amount ofheat stored due to heat transfer to a substance
resulting in a temperature increase,ragA), Figurel14. If there is an increase from

an initial temperatureTl; to a finaltemperatureT; molecules withina materialwill

possess higher kinetic energythe form of heatSensible heat is a function difet
specific heat and mass of a substance. Most common building materials can be used
as sensible heat storpsoviding ¢, is sufficiently high The formula forQs is given

as

0 ad Yy "y Eq2.23

Latent heat is the internal energy change associated with a change of phase of a
material due to a temperature change. This phase change can occur-bgusa/id
liquid-gas or soliesolid. At the molecular level the internal energy is associated with
theintermolecular forces between molecules. These forces are progressively weaker
from solidi liquid i gas. Phase change will occur at an onset temperdymeéien
sufficient energy is added to a solid (or liquid) to break these intermolecular forces
causng the substance to change to a gas. The portion of added energy is stored in the
substance in the gaseous state and is termed the latent heat. It is difficult to achieve

an isothermal phase change in experimental conditions where there is usually a small
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DT due to thermal gradients (sd& Figure14). Materials that undergo phase change
(PCMs) can be used to either store energy (heat) with fMitjeor to controlOT. The

latent heat is a function of the sensible and latent phase and is given by:

0 aoY Y ®3Q oY Y Eq 2.24

Wherew is the fraction of the material melted a&@ is the change in enthalpy

associated with the phase change.

A — Sensible Heat B — Latent Heat
T A QS T A QS
AT O,
T
= AQ
| >
m-cp m-cp

Figurel4 - Figure showing sensible and latent heat storage.

2.6 Hygric Materials

Figure 15 contains a summary of many construction materials categorized by
hygrot her mal function. Both the O6hygroth
routinely evidenced as building envelope materials (both internally and externally in
cetain cases) however, it is not common to discover those materials classed as

Ohygricbé within the context of building |

As stated in SectioB.4.1only solids that have a porous network which is available

for the adsorption of moisture vapour froms external environmenti.g.
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hygroscopic) will be considered as candidate materials for this research. The

following sections provide a review of the materials that fit this criterion.

Figurel5 - Categorisation of Hygrothermal materials by hygrothermal function.
2.6.1 Conventional Building Materials

Many conventional or traditional building materials perform both hygric and thermal
functions. These materials can be classified as hygrothermal asrthegepsome
level of enthalpy buffering.e. the buffering of sensible and latent heat energy
simultaneously with moisturé@Hall, 201Q. They include gypsum plasteimber,

concrete, clay/brick andthereartfenmaterials.

2.6.1.1 Timber

Timber is a natural fibrous materiebnsisting of lignin, asfiorming minerals and

extractives formed in a cellular structt¢SDA, 1989 occurringin many different
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