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Abstract

During the design of a new building or retrofitting of an existing one, it is fitapbto reliably
assess the indoor humidity levels of the building as it can potentially #ffetiuilding envelope
durability, occupants’ comfort and health risks associated with mould growth. Simpli
assumptions of indoor humidity profiles, which ignore the dynamic coupling of the indoor
environment and building enclosure, may lead to inaccurate conclusions about the indoor
environment and moisture performance of the building enclobutiis paper, a whoibuilding
hygrothermal model called HAMFitPlusvhich takesinto account the dynamic interactions
between building envelope components, mechanical systems and indoor heat and moisture
generation mechanismis used to assess the indoor humidity condition of an existing occupied
house. HAMFitPlus is developed on SimuLink development platform and integrates GOMS
multiphysics with MatLabThe basic input parameters of the model are discussed in detail, and
its simulation results arpresentedin general, the HAMFitPlus simulation results are in good

agreement with the measured data.

Keywords: coupled HAM analysis,whole-buildinghygrothermal modeling, energy efficiency,

indoor environment, building envelope performance



NOMENCLATURE

A, condensate surface aregm

A surface area of surface i {m

A, evaporative surface area?m

A, window surface area (m?)

Cv,, specific capacity of solid matrix (J/(g))
Cp, specific capacity of air (J/(Kg))

Cp, specific capacity of water vapor (J/i))
Ch specific capacity of liquid water (J/#Q))

D, liquid conductivity (s)

f, solar air factor+)

d acceleration due to gravity (rfys

hm mass transfer coefficient of surface i (kg/@Pat))
hh heat transfer coefficient of surface i (W)

h" mass transfer coefficient feondensate surface
(kg/(Pasm?))
hY' mass transfer coefficient for evaporation surface

(kg/(Pasm’))

hfg latent heat of evaporation/condensation (J/kg)

h, outdoor surafce heat transfer coefficiéw/(K m?))

|, incident solar radiation (W)
k, air flow coefficient (s)

M mass flow rate of dry air (kg/s)

m. moisture condensation/evaporation rate
(kg/s)

m,, mass flow rate of dry air

(humidification/dehumidification systems) (kg/s)
M, mass flow rate of dry air

(heating/cooling systems) (kg/s)
M molecular mass of water molecule (0.01806 kg/m

p zone vapour pressure (Pa)

P

) im atmospheric pressure (Pa)

P total pressure (Pa)

P

Y, vapour pressure (Pa)

P saturated vapor pressure (Pa)

pf’ surface vapor pressure of surface i (Pa)

P, saturated vapor pressure of reserediPa)

)



p. saturated vapor pressure of condensdfa)

Q. heat source (W)

R universal gas constant (8.314 J/mol)

T temperature’C)

T, outdoor air temperaturéQ)

T° surface temperature of surfacéQ)

T set point temperaturéQ)

U oveall heatransfer coefficienfw/(K'm?))

U air velocity (m/s)
V volume of the zone (i

Y, mass fraction of liquid water)(

Greek letters
o solar absorptance)(

@ relative humidity §)

P, density of air (kg/m)

P, density of water (kg/th

P, density of material (kg/f

A effective thermal conduddity (W/(m.K))

n dynamic viscosity (kg/(m.s))

T solar transmittance)(

@ humidity ratio (kg/kg dry air)

w, humidity ratio of outdoor air (kg/kg dry air)
@ set point humidity ratio (kg/kg dry air)

0, vapor permeability (s).

O sorption capacity (kg/f




1. INTRODUCTION

Accurate prediction of indoor conditions, more specifically indoor temperature &attvee
humidity, are important for the following four reasons: 1) To better assess thetheygral
performance of building envelope components (Tsongas et al., Taéigu et al, 2009) and
reduce the likelihood of building envelope failure. High indbamidity can result in excess
moisture accumulation in the structures and deterioration of components due to moldfdecay o
corrosion.2) To maintain the critical relative humidity rangehich is specific to the building’s
operation (Trechsel, 2001; Rod¥)03). For examplechurches, museums and libraries need to
maintain an optimum relative humidity to avoid moisture damage on paintings, artifdcts an
books. 3) To create an acceptable indoor air quality. Unless controlled, high relativBtyyumi
which isa favorable condition for mold growth, can cause health problems for occupants and
damage to the interior lining of the building (Sterling et al., 1985; Clausen et al., 1999;
Oreszczyn and Pretlove, 1999). 4) To create a comfortable environment for miscapa
recommended in ASHRAE Standard- 5892 and ASHRAE Standard -4®99. The satisfaction

and dissatisfaction of occupants are related to the level of indoor relative humidity

temperatureToftum et al, 1998; Fang et al., 1998a,b).

Various models have been developed in the past to predict the humidity level of the indoor
environment. These models can be broadly categorized into three gtdupise first group
consists of empirical models, which are based on {acgé field measurement data of vas
buildings. In these models the indoor vapor pressure is estimated from the outdoor temperat
(Sandberg, 1995) or outdoor vapor pressure (Abranties and Freitas, 1989). The factors that
determine the actual indoor humidity level such as internal moisture sowtiaton/air

leakage, absorption/desorption effect of building material, and other factonmasked and



represented by a single parameter called occupant type. These models at best candseagood f
rough estimation of the indoor humidity especially for summer conditrdmen the natural
ventilation could be higher. 2) The second group of models is based on steady $yaie aha
moisture balance. These models are more detailed, and need specific informatibrthabo
building such as building volume, axchangeate (ACH) and occupant behavior in relation to
moisture production/removal. In this category of models the only moisture transgaramism

is by ventilation (Loudon, 1971; Hutcheon and Handegord, 1995; Tsongas et al., 1996;
TerWolde, 2001). Ventilation rate and moisture generation need to be explicitly defingde but
moisture absorption and release by the interior furnishing and furniture feeedliin these
models as well. 3) The third group of models is an improvemeitie second group, and based

on an isothermatransient analysis of humidity balance differential equation. In these snibael
moisture buffering effects of internal furnishing are accourftedin simplified ways In
humidity prediction models, the moiséubuffering effectsare represented in many ways with
various simplifying assumptions. Ithe early 1980s Tsuchiya presented an indoor relative
humidity model where the moisture buffering effect of interior surfacgw&n by an empirical
expression. As it is presented in Kussd@l983) paper, the moisture exchange between the

indoor air and the moisture buffering material is limited to the contact swifége

TenWolde (1988) developed a mathematical model c&RdRH1 wherghe moisture storage
effect of hygroscopic materials Empirically calculatedLater, TenWolde (1994) upgraded his
indoor humidity model FPLRH1 to FPLRH2. In this improved model, the moisture imgffer
effect of the interior furnishing materials is relatedhteexponentially weighted back average of
indoor relative humidity, which gives more weight for recent humidity conditiatiser than the

arithmetic average as used in the earlier model. The other variant of teisfcladoor model is



the Jones model (1993, 1995), whicbnsiders the indoor moisture generation and ventilation
rate as well as the absorption/desorption effect. The absorption/desorptioneststiecof the
interior furnishing are represented by two empirical coefficients callegtune admittance
factors, one representingioisture absorption artie other representirdgsorptionAs Kumaran
(2005) pointed out, the models in this category and identified by Jones (1995) as “current
humidity models” are similar to the early work of Tsuchiya, and only vary in shengotion
made in representing the terms, particularly the moisture absorption/desonptiooidiure
buffering materials. Because of their underlying assumption of constarturectentent, these
models may not capture the dynamic responses ahthsture buffering material to a transient

or abrupt moisture production/removal in the indoor air. To capture this dynamicsgrate
Diasty et al(1992, 1993) developedh@advanced humidity model usirgransient heat transfer
analysis analogyln their work, the moisture buffering response of matsried modeled
assuming the moisture exchange between the material and the indoor air is linatésinto
millimeters depth of the material, or with no moisture gradient across the material (lumped
system)for cases where the surface resistance is large compared to the internalcee$stan
moisture flow. The challengen this modeling approachrein defining the critical penetration
depth, which could be arbitrary, and also the applicabilitg himpedeapacity assumption in

real conditions.

In reality the indoor conditions are determined by performing an inexfjemalysis othe heat

and mass balance of the external and internal loading as well as the mechanical syspens.

In the recently ancludedlEA*/Annex 41linternational research projectVhole building heat,

air, moisture responseMOIST-ENG” this holistic approach was applied to a single zone

! International Energy Agency



building (Woloszyn and Rode, 2008 The experimental and numerical test cases that were
generéed during the project are used for benchmarked the wholéing hygrothermal model

(HAMFitPlus) used in this paper (Tariku et al., 2010b).

Unlike the models discussed earlier, where the indoor humidity is predicted virtipldisd or

no coupling with the building envelope components, HAMFitPlus, a transient and non
isothermal model, takes into account the dynamic interaction between indoor environthent a
building enclosure. In addition the model incorporates among other things the following:
moistue buffering effects of materials which could act as a moisture source and sistgrm
removal due to condensation on cold surfaces such as on windows; moisture addition by
evaporation from water reservoirs and from building envelope components thahighee

initial moisture content, as well asoisture flow through building envelope compongmialls,

roof, foundation walls and floor slab$y diffusion and convection. The model integrates
building envelope enclosures, indoor environment, HVAC systems, and indoor heat and moisture
generation mechanisms, and simultaneous predicts the indoor temperature andyhumidit
conditions, building envelope moisture conditions and energy consumption of a building in
response to timearying weather conditionsn this paper, HAMFitPlus is used to assess the
indoor humidity condition of a residential house. Following a brief description of the ntoelel
model’s input parameters are discussadithe simulation results are compared with measured

results



2. BRIEF DESCRIPTION OF THE WHOLE BUILDING HYGROTHERMAL MODEL -

HAMFitPlus

In HAMFitPlus simulation the building is considered as an integrated system, which consists of
building enclosure, indoor environmemind mechanical systems. Thus the indoor conditions,
more specifically, temperature and relative humidity, are unknown quantities, andohlage t
determined from the heat and mass balance at the zone considering tlgabessesl) heat

and mass transfer across building enclosure 2) internal heat and maateration by
occupants and their activitiesnd 3) heat and moisture supply by mechanical systems (heating,
cooling, humidification, dehumidification and ventilation) depending on the mode of operation
of the building. To deal with these inter related aodpledprocessesan integrated and coupled
modeling approach, which integrates the dynamic HAM transfer of the buildingppawsith

the indoor environment and its components (HVAC system, moisture and heat sources) is
necessary. Here, building envelagad indoor models are developed independently and coupled
to form the whole building hygrothermal model, HAMFitPlus. The mathematicatiggens of

these primary models are presented below.

2.1. Building envelope model

The building envelope model solves, simultaneously, the three interdependent transport
phenomena of heat, air and moist(liAM) in a building component. The mathematical model
is based on building physics and comprises a set of partial differential equaltibs) ({Rat

govern the individual flows. The corresponding governing equations are as follows:



Moisture balance

aat—¢ZV'(D¢V¢+DTVT)_V'(Dlpwg+anCcT:¢) (1)

PRI 5 _[54%P p pWRIn(¢) andc, = 2522
M ¢ oT M

where D, = (JVF3+ D,

atm

Heat balance

2 CPut %4‘ V-(UT) p,(Cp+o CR)+

V(-2 VT)=mhg+ M T Cp- CP+ ¢

(2)

whereCp,; = Cv,+ YCpandm, =V-(5VR)-p

)PV (W)

a

Air mass balance

V-(p,d)=0 ©)

10



Momentum balance (Darcy equation)

i-—fayp 4)
n

_v.( paﬁvpj:o (5)
n

In the moisture balance equation, Equatftd)) relative humidity is the driving potential. The
I.h.s term represents the rate of change of moisture accumulation; and theermasisport due

to relative humidity and temperature gradients are represented by then@irsecond terms of
the r.h.s of Equatiorfl), respectively. The third and fourth l.h.s terms represent liquid water
transport by gravity and water vapor transport by convection, respectivehpefature is the
driving potential for the heat balance equation, Equdg®pnThe transfer of heat by convection
and diffusion are mesented by second (l.h.s) and first (r.h.s) terms of the equations,
respectively. The latent and sensible heat sources or sinks associated asghcpanges are
represented by the first and second terms of the right hand side of the equation. Any othe
internal heat source or sink is given by the last term of the of the right hand sideqtetien.

The mass balance ediom for incompressible fluid is given by Equati¢d). In a building
physics application, the air is considered as incompressible due to veryflow apeeds, and

low pressure and temperature changes. The Darcy equation, Eqdatiana reduced form of

the NavierStokes momentum egfion for flow in a porous media. Combing the massabed,

(Equatior{3)) and momentum balance (Equation (4)) equations gives Eqi&jion

The governing PDEs of the three transport phenomena (Eg{iati&guation(2) and Equation

(5)) are coupled and solved simultaneously for temperature, relative humidityemsdingusing

11



a finite element based fiware called COMSOL Multiphysiés This commercial software is
found to bebeneficialfor solving nonstandard couplechultiphysics problems because of its
open provision for implementing usdefined PDEs. The model accommodates -Inwear
transfer andterage properties of materials, moisture transfer by vapor diffusionlacgpituid
water transportand convective heat and moisture transfer through #aykired porous media.
The transient HAM model is successfully benchmarked against publishechsest Tariku,
2008; Tariku et al., 2@09. The test cases are comprised of an analytical verification,

comparisons with other modebmd validation of simulation results with experimental data.
2.2. Indoor model

The indoor model is developed to predict the indoor temperature and humidity conditions based
on the heat and moisture balance in a zone, by accountimil the heat and moisture fluxes
which cross the zone boundaries, and &sdhe internal heat and moisture generation/removal
from the zone dueto the operating condition of the building or occupant behavior. The basic
assumption of the model is that the indoor air is well mixed and can be representsidlg a
node. Under this assumption, the following two linear Hfinster differential equains for

moisture and heat balances are developed:

Indoor humidity balance

The humidity balance equation developed in this work incorporates the moisture

absorption/desorption of hygroscopic internal lining of building envelope components and

furniture (Q["); moisture supply and removal from the zone by airf{@y"), moisture addition

2 http://lwww.comsol.com
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and removal by mechanical syste(@?), moisture addition into zone due to occupant activities

(Q), evaporation from sink or bath tupQ'), and moisture removal due to moisture

(o]

condensation on surfaceés'gcm). The indoor humidity model is mathematically represented by

Equation (6) below

VL Q@ Qi QY ©)
where:

=T Ar(r 9 Q= (o, o)

Q7 =1 (0-0) < Qs Q-3 AR(P. B

The term Qr’:_ is the maximum moisture supply or removal capacity of the humidification or

max

dehumidification systems, respectively.

Indoor enerqgy balance

The general energy balance equation for the indoor air considers the energy exchaega bet

the building envelope internal surfaces and the indoo(('ajr), the energy carried by the air
flow into and out of the zone(th), the heat supply and removal (heating/cooling) by

mechanical systems to maintain the room in the desired temperature([?;hpethe internal

13



heat generated due to occupant activities (e.g. cooking) and building operation (argy)light
(QQ), the energy supplied and removed from the interior space due to enthalpy transfer by
moisture movemer(tQ,:‘), and heat gain through the fenestration sys(tdf‘n). The contribtion

of each term in the total energy balance equation is described below. Forgbsepof energy
balance, the indoor air is assumed to be a mixture of dry air and water vapor only,. tHence

indoor energy balance in terms of mixture enthalpy is given by Equabon

V=@ Q@+ Qs O G+ G ©
where: Q'Q:ZAhh(TS— T); Q' =mCp(T-T;

Qr=m(Cp+oCp)( T < Qe

“h U
Qi =A- U('I;—T) + —a + frl,
duetotemperature difference ho fraction of transmited solar radiatio

fractionof absorbed solar radiation

Q" _is the maximum sensible heating and cooling available from the respective egfuipme

m_max

The termQ" accounts for the sensible and latent heat transfer that are generated due te moistu
movemat by ventilation(Q'v’“) and convection at the building envelope surfa(c;'e[‘)é); moisture

gain or removal from the indoor space by mechanical systems (humidificationiification)

(Qr), and also other means: occupant acti{i@y'), evaporatio Q") and condensatio(Q"").

14



The moisture and heat additions itie zone due to occupant activitieQ] and Q") are usually

independent of the indoor conditiomather they depend oroccupant behavior. To reflect
occupantactivities at various times, diurnal moisture and heat generation rate sshackiused
in the indoor humidity and energy calculations. These coupled antinean indoor humidity
and energy balance equations, Equatif@) and(7), respectively, are simultaneously solved for

indoor humidity and temperature using SimuLink and MatLab.

2.3.Whole building hygrothermal model (HAMFitPlus)

The whole building hygrothermal model, HAMFitPlus, is developed on SimuLink siulat
environment, which provides a smooth interface with the COMSOLiphyiics and MatLal3
computational tools. The simulation environment allows full integration and dynamuatirny

of the building envelope model (Secti@mnl) and indoor mode{Section2.2) using the special
SimuLink block called S-unction.As shown inFigurel, the HAMFitPlus model comprises five
primary blocks “Building”, “Zone Enclosure”, Window”, “Furniture” and “Mechanic&ystems
and Heat and Moisture gaindh each block, duserdeveloped’S-functionalgorithm which
describeghe task, inputs and outputs of each bjaskvritten in MatLab programming language
and embedded. This approach permits full control of the simulation environment and is
particularly useful in the whole building hygrothermal analysis where isderge time scale
variation between building enclosure and HVAC systems response (Schijndel areh,Hens
2005). The HAMFitPlus modelcan be classified as a hybrid madeith a continuous part for

theindoor model and a discrete part the building envelope model. The simulation update time

3 http://lwww.mathworks.com
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for the discrete part isiserspecified, and can vary from seconds to hours depending on the

boundary conditionsThe blocks haveyraphical user interface$&UIs) to enteruserspecified

data.
£l Library: WholeBuildingHygrothermalModel Libranyxx * E”E]E|
File Edit Wiew Format Help
DFH&E  “B(D - BE
Muodel Broveser @i, el % |

W:»holeBuldmnoHyorathermalid

= ®| Building
B Indoor T and RH to Al
= 2| Funitue

4 Furriture

= #+| Mechanical Systems & He:
Eat lading ool Zone Enclosure Window
2+ Humidification/Dehum
= Yentilation

= 2 Wwindow

B Window Lt
= 2 Zone Enclosure

2 Exterion Wal

#+ Floor
& 2 Partition Wall —
Building
Furniture Mechanical Systems
&
Heat and Moisture gains
L4l ¥
Ready ' B irioded

Figure 1 HAMFitPlus primary building blocks

The general specification of the buildingcluding the building site (latitude, longitude,
altitude, topography and surrounding environmethi@, building size and orientation, and the
surface area, orientation, inclination and air tightness obtiilding envelop componentsare
specified in the “Building” block. The zone humidity and energy ladaequations are
encapsulated in this block. The integration of different blocks creates a virtuakhtsomul
environmenitas presented iRigure2. The “Zoneenclosure” block encapsulates the six building

envelopecomponents (roof, floor and four walls). The buildiegvelopecomponents can be

16



composed of different laygiof materials and thickness, and can also be exposed to different
exterior boundary conditions. For exampie Figure 3, the south andeastwalls are exterior

walls, thenorth and vest walls are partition walls that are adjacerth&hallway and next room,
respectively, and the other two components thee ceiling and floor. The inputs to each
component block are the indoor temperature and relative humidity, and the outputs of the blocks
are the interior surface temperature and humidity conditions of the comptasets on one
dimensional HAM analysis€Each building envelope component h&sl#, as shown irFigure4,

to specify the number and type of material layers, thickness, initial conditiofscesineat and

moisture transfer conditions and mesh sizes at the boundaries and domain of eagh mater

5] InuvikHouse1_Original 1E8/...MuildingfZone * =1
Eile Edit Yiew Simulation Format Tools  Hélp

NDEESE| « 8= 2 » Hormal e REGT®

Mechanical Systems
&

Heat and Moisture Gains

Zone Enclosure

e
t——

Windows

al

¥

Zone Humidity & Energy balance =@~

Internal Heat & Moisture
sourcelsink-Lumped system

==

Furniture

¥

4 start 14 matlab - " Madel Nayigator 2 indows Tash Maamer & Beskiop

Figure 2 Virtual building as represented in HAMFitPlus model
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—>| EXTERIOR ENCLOSURE MODEL

South wall

k.

EXTERIOR ENCLOSURE MODEL

East wall

[

Hallway.

Adjacent room wall

Ceilling

Floor

Ready (1025 [odeds

Figure 3 Building envelope components
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Figure 4 Graphical User Interface (GUI) for building envelope componentg
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The “Medanical Systemsand Indoor Heat and Moisture gains” block encapsulateke
mechanical systesfor heating/cooling, humidification/dehumidification, ventilation, and indoor
moisture and heat generatji@s shown irFigure 5. The inputs of the ifst two blocks are indoor
temperature and humidity conditions, and the corresponding outputs are the thermal
(heating/cooling) and moisture (addition/removal) loads. The outputs of the blocks, which
subsequently are passed to the indoor heat and moisture balance model, depend on the respective
mechanical system set points and capacity. The specifications of the heating/coud
humidification/dehumidification equipment are definedFigure 6 andFigure 7, respectively.

The third block outputs the effective ventilation ratetlod houseconsidering thecombined
effects of natural and mechanical ventilations. The heat and moisture haad® tindependent

of the indoor environment conditions (temperature and humidity) are represented st the la
blocks (examples of these loads are heat gain from light bulbs and moistase ieyoccupant
activitieg. The outputs of these blocks are oalfunction of time and are scheduled based on

assumed occupants’ daily routine activities.
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Figure 6 Heating/Cooling system GUI

Figure 7 Humidification/Dehumidification

GUI
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Indoor furniture can play an important rateregulating the indoor humidity condition of the
house through its moisture buffering potential. In HAMFitPlus, it is repregéytéFurniture”

block, Figure 2, and approximated as an interior building envelope component, whose exterior
surfaces are exposed to the indoor environmental conditions. Thus, the inputs and outputs of this
block are the indoor temperature and humidity conditions and the surface temperature and
moisture conditions, respectively. The outputs are passed to the indoor heat and mo#staee bal
model. The “Window” block represents one of the very important building lgme
components, which is wind@vThe outputs othis block, which are the heat flux and window
condensation rate, are used in the calculation of the humidity and energy baldneezohe.
Windows in different orientations are treated independently, thett characteristics are

separately specified using the GUI showirigure8.

x| |
5-Function [mazk)]

Parameters
‘wiindow Transmizstivity Property

|[D.4 0404040404]

Wwindow U-value

|[5.? 2787275727

windows Shading Factor [0 Mo Salar radiation entry)
[mooooa)

Surface Heat and Mass Transfer Coeff [hi hmi ho hmo]
|18 5.96-6 25 2E-7]

Calculation update time [0 is for contintios]
|5

u]. | Cancel | Help | |

Figure 8 GUI to specify windows properties
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As shown inFigure2, the outputs of all the blocks are passed to the “Zone Humidity and Energy
balance” block, which is where the two linear fiestler differential equations for heat and
moisture balances (Secti@?2, Equations (dndEquationy7), respectively) are solved for the

indoor temperature and humidity ratio.

The outputs othe HAMFitPlus simulation include:

1) Transient temperature and maois distribution across each building envelope component
2) Transient indoor temperature and relative humidity conditions

3) Transient heating and cooling loads

Hence, the model can be used to assess building enclosure’s performance, indoomental
conditons (temperature and relative humidity), and also energy efficieneyhofilding in an

integrated manner.

3. INDOOR HUMIDITY MODELING OF A RESIDENTIAL HOUSE USING THE

WHOLE BUILDING HYGROTHERMAL MODEL: INPUT PARAMETERS

The model is successfully verified and validated using analytical, ncathemd experimental

test results (Tariku, 2008Tariku et al, 2010h. In this section, its application and
implementation to predict the indoor humidity condition of an occupied dwelling is discussed.
The houseis located inCarmacks (Yukon Territgr Canady and its indoor relative humidity

and temperature conditionss well as theoutdoor temperature and relative humidity are
measured for four consecutive weekdanuary 19 — February 28) 2006. The indoor

temperaure and relative humidity measuring deviceOBO Pro Series sensorale placed in

22



the living room andkitchen. The complete description of the building and the survey results of
the houseare documented in Hood (2006) and Stad (2006¢ basic input pameters of the
model are: 1) building description in terms of its geometry, orientation and lgugden (local
topography and weather conditions); 2) building enclosure, which includes building cartgpone
(walls, roof, floor, windows and doors), configtions of layers of materials and their
hygrothermal properties; 3) internal heat and moisture generation rates; dapded)and
capacities of mechanical systems for heating, cooling, humidification, defficatidn and
ventilation. In this study, though, only heating and ventilation systems avamélsince cooling,
humidification and dehumidification equipment are reportedly not present in the housefMos
the necessary input data are extracted from the survey report (Hood, 2006), aaldlifogd
input data that are required but not documented in the survey report are taken fiatordite

The four basic input data are discussedatail below.
3.1. Building description

The building is a prengineerednanufactured single detached house, which hastangular

shape and FSloped roof. It is placed on a deck that is 0.914 m above ground and enclosed with
OSB sheathing boards that createunheated crawl space underneath. The house is surrounded
by trees in the northeast and northwest directiohss hformation is important to define the

wind speed profiles in the respective directions, and subsequently to calculatddhkagje rate

due to wind pressure. The floor area and volume of the house are 8la@dnl96 m
respectively.The floor plan of the houseFigure 9, is constructed based on the information
available in the survey report such as floor area, number of bedrooms, bathrooms, windows size
and locations, photos, and typical floor plans of manufactured houses of the same floor area that

are advertised in manufacturersvebsites (for example http://www.palmharbor.com/our-
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http://www.palmharbor.com/our-homes/floor-plans�

homes/floor-plans This information is used to estimdkes nterior partition wall areas thatay

play an active role in moisture absorption and desorption. The house is 19.5 m long and 4.2 m
wide, and its front elevation is orientedMard the southwest direction. The house has two
bedrooms, a living room, a kiteh and a bathroom. The total surface areas of the exterior and
partition walls are 113 and 76°nrespectively. The partition wall surface area includes the

surface areas of both sides of the wall since these surfaces have the sanmre fnoifgring

effed on the indoor air humidity.

Bedroom

2 Living room
3 Kitchen
4 Bathroom

Figure 9 Floor plan and orientation of the house
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3.2. Building enclosure

The house is built with a typical wodthme construction with layers of materials to control
heat, air and moisture movement through the building components. The exterior walls, floor and
roof are all made of wood frame structures with layers of materials in seglisged inTable1
below. The wood frames diie exterior walls, foor and roof are constructed fraspruce wood
members measurir@g’ by 6”, 2” by 8” and 2” by 4”in crosssection, respectively. The exterior
wall comprises sheet metal (as a cladding materdmllding paperas the weather barrier
sheathing board, insulation in the stud cayiylyethylene sheet dbe vaporand airbarrier and
finally gypsum board as a finishing layer. The roof is protected from rain peowetnatio the
structure with asphakhingles installed on top of sheathing membraviéch coves the
sheathing board. To control vapor flow, the vapor barrier is installedthe interior surface of
the insulation. The floor is covered with linoleum tile, which is installed on top gélyfweod
and acs$ as a vapor barrier. The belly wrgpaperboard) which is exposed to the crawl space,
acts as an exterior sheathing layer and a weather barhercavity between the floamnterior

sheathing board (plywood) and thelly wrapis filled with fiberglass insulation.

Table 1 Materials used for building envelope components

Exterior Wall Roof Floor
Interior layer 12.5 Gypsum boarq 12.5 Gypsum boar¢ 12.5 Plywood
Vaporair barrier Polyethylene sheet| Polyethylene sheet| Linoleum tile *
Batt insulation RSI 3.5 (MK/W) | RSI70 (nTK/W) | RSI 4.9 (MK/W)
Sheathing board 12.5 mm OSB 12.5 mm OSB *x
Weather barrier Building paper Building paper b
Exterior layer Sheet metal Asphalt shingles | Paper board

* The tile is installed on top of plywood* The paper board serves as an exterior sheathing
board and weather barrier
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For the simulation, the hygrothermal properties of the OSB, plywood, gypsum board and
insulation are taken from the ASHRAE ReseaRtbjectRP-1018 ‘A Thermal and Moisture
Transport Database for Common Building and Insulating Materi@gsimaran et al., 2002). The
moisture storage capacity, heat capacity, liquid permeability and thernistmes of the
membranes, linoleum tile, sheet metal and asphalt shingles are assumed todiaenemtie
vapor permeabilityof the polyethylene sheet and building paper arertakom ASHRAE
Fundamental (2009 and infinite vapor flow resistance is assumedti@linoleum tile, sheet
metal and asphalt shingles the simulationthese materialshermal and moisture resistanc
propertiesare represented byequivalent surface transfer coefficients. The absorptivity and
emissivity coefficientsof the external walls are estimated to be 0.40 and €e6pgectively, and

of the roof surfaceB.90 and 0.96, respectivelyn the absete of initial condition datahe initial
temperature gradientacross the building envelogections aralefined based on steady state
heat flow calculationsising the indoor and outdoor temperaturesC28nd-22°C. The initial
moisture condition of the drywall is assumed to be the same as the moistureonoofitie
indoor air (33% relative humidity). The initial moisture condifiaf the layers behind the
polyethylene sheet arassumed to be 60% relative humidity. Since plodyethylene sheet
function asa vaporbarrierand the exterior cladding is sheet metal (vapor and water, tiblat)
influence of the initial conditions of the layers behind ploé/ethylenesheeton the simulation

resultare expected to be less significant

The house has seven windows with a total area of 15% of the floor area. The orientatioa and siz
(shown in bracket) of these windows are as follows: two windowthesoutheast wall (1.58
and 0.46 M); one window orthe southwest wall (1.08 fit three windows oithe northwest vall

(1.3, 1.58 and 3.72 fhand one window othe northeast wall (2.7 fi). As reported in the survey
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document, the windows are standard dowghézed windows withvinyl frame and air between
the glazings. Accordingly, the overall heat transfer coefficiglt-value) and solar heat gain
coefficient of the windows are assumed to be 2.87 i/mnd 0.6, resprively (ASHRAE
Fundamental, 2009). The house has two external doors (£.8#aeach) that are installed on
the northeast and northwest walls. It is mpd that the core material of the doors is polystyrene,

and the effective thermal resistance of the dd®estimated to be 0.98KIW.
3.3. Outdoor boundary conditions

Carmacks is located in the northwestern part of Canattee Mukon Territory at latitude62° 7

north and longitude 136° 11' west, and has an elevation of 543 m above sea level. The location of
the Yukon Territoryis identified in red on the map of CanadaFigure 10. In general, the
weather parameterthat are required for whole building hygrothermal analysis are hourly
ambient temperature, relative humidity, wind speed and direction, solar radidbbal (gnd
diffusive horizontal radiation)precipitation and sky (cloud) conditions. However, for the house
considered in this study, the effect of precipitation can be ignored due fiacttthat the exterior
layer of the house (cladding) is sheet metal and no rain absorption is possible. ather we
station in Carmacks records only ambient temperaaace wind conditions- wind speed and
direction. The relative humidity of the ambient air is measured as part of the fiaitbrmy

tasks Rousseau et al2007) Hence, the only weather parameter that needs to be estimated to

carry out the whole buildgnhygrothermal modeling is solar radiation data.
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Yukon Territory

Figure 10 Map of Canada

The hourly average temperature and relative humidity of the outdoor air thatpaseohon the
building envelope as part of the external boundary conditions are shdwgune11 andFigure

12, respectively. Generally, the outdoor temperature is very cold with the hourlygavera
maximum and minimum temperatsref 6.5 and-42.2C, respectively. The monitoring period
(January 18 — February 2%) average temperature i69.0°C. The hourly relative humidity of

the ambient air varies from 45 to 95%, with an average value of 73%. About 30% of thad¢ime, t
outdoor air iscalm. For all other times, the wind directions are categorized into eight
subsectionseach subtended @45° angle and plotted as percentage of occurrémEegure 13.

As can be seen in the figure, the predominant wind blowing direction during the monitoring
period is southeast (25%), followed by the west (18%) and northwest (17%)ahseckhese
orientations coincide with the orientation of the largest surface areas of thee Ritiesmean
wind speed during the monitoring period is 6.7 km/hr (1.86 m/s). However, the mean wind
speeds in the separate eight subsections vary from 2.3 to 11 &métmown irFigure14. Based

on these figuresHigure 13 andFigure14) it can be said thatluring the monitoring period, wind

blows in the southeast direction more frequently and at higher speed than in any ettiendir
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Figure 11 Hourly average temperature of Carmacks
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Figure 12 Hourly average relative humidity of Carmacks
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Figure 13 Frequency of wind blowing in the
respective eight directions (in %)
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Figure 14 Mean wind speeds in the
respective eight directions (in km/hr)

The hourly horizontal global solar radiatiorestimatedusingthe Zhang and Huang solar model
(2002), Equation(8). The required input data for this m@dnclude solar data (solar altitude

angle and cloud cover) and other climatic conditions such as temperature, relatisieyhanoi

wind speed.

Ighzz[l «SiNB{c +¢CC+GCC+ g( T- To)+ @+ ¢\f+ éi/

where

(8)

| 4, Estimated horly solar radiation in Wi

|..: Solar constant, 1355 W/m

S : Solar altitude angle, the angle between horizontal and the line to the sun

CC: Cloud cover in tenths
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¢ : Relative humidity in %

T, andT,_,: Temperatures at hours n an@ espectively

V,,: Wind sped in m/s

and the correlation coefficientg, ¢, c,, G, G, G, dandk are given by:

€,=0.5598.c = 0.4982¢,= 0.6762,  0.028.
c,=0.09317¢, =0.014d  17.858  0.843

The horizontal components of the direct norifig| ,,,) and diffusive(1, ,,) solar radiation are

estimated from the calculated global horizontalaidn (Equation§) using the/Natanabe et al.

(1983) model, which is given by Equation.(9

lan ne=1 &SINBK o 1-K /(1=K )
9

Idf_hz =1 scSinﬂ(K T_K Ds)/(l_K Dg

where:

Ky =1 gn/(1 <SINB) K. =0.4268+ 0.1934si
Kps = Ky —(1.107+ 0.03569si8 + 1.681i8)( —K, )", whenK, =K,
Kps =(3:996 3.862sif  1.54sfB)K,”’, whenK, < K.

Once the horizontal components of the direct norr(ﬂgl_hz) and diﬁusive(ldf_hz) solar

radiation are estimated, the solar gains of all opaque surfaces thatiearied at different
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directions and inclinations, as well as indoor air space through the fenestratiem san be

calculated following the procedures described in Goswami (2004).

3.4. Indoor heat and moisturegains

The house is occupied by a family of two adults and four children. The number of occupants in
the daytime is five, and in the evening six. At a given time, the heat and moisiduetmrn in

the house vary depending on the number of occupants and type of activities theyagezien.

The types and schedules of occupants’ indoor activities in a typical day were develspddha
information documented in the survey report and available in the liter&erelopment of
hourly moisture generation of the house involved three steps: first,aéistinof total daily
moisture production; second, breakdown of the daily moisture production into different

activities; and finally distribution of the activities in a day. The three steps are discussed below.

Step 1:The moisture generation rate is estimated based on thepdetented in ASHRAE
Standardl60P (2006)Table2. The table shows the estimated daily moisture production rates of
occupants living irthe saméiouse. These rates are: 8 kg/day for 1 odditg 4 kg/day for the

first child; 2 kg/day forthe second child, and 1 kg/day feachadditional child. Thus, the total
daily moisture production of the house under consideration, bas€dtei2, is estimatedo be

16 kg/day.

Step 2: Christian (1994) gave the breakdown of the daily moisture production rafesndf of
four (two adults and two children) due to occupants’ main actiyisgeash as dishwashing,

cooking, taking showers, and respiration and perspiration of occupants (shown in

Table 3. The original data, which is for a family of four, is extrapolated to a fanfilixoto

reflect the occupant size in this studdccordingly, as presented iffable 3 , the occupants
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release 0.&g of moisture per day during dishwashing, R¢p during cooking, 1.5 kg during
showering,and 7.5kg (6.25 kgin the daytime)due to respiration/perspration. The extra
moisture source (4.01 kg/day), which is the difference between the total meisidrestion in

the house as estimated per ASHRAENdardl60P (2006) and the sum of the extrapolated
moisture production iMable 3 is assumed to be a background moisture release. Tdigtume
source is assumed to be released constantly throughout the day, and accoumisstioe
release from floor mopping, water sinks, laundry (washing and drying), plants and othe

unforeseen sources.

Table 2 Estimated mosture generation rates based on number of occupants

Number of occupant; Moisture generation rate
L/day als
1 bedroom 2 8 0.09
2 bedrooms 3 12 0.14
3 bedrooms 4 14 0.16
4 bedrooms 5 15 0.17
Additional bedroomg  +1 per bedroom +1 +0.01

Table 3 Daily moisture productions by occupants’ activities

Activity Family of Four Extrapolated for family of six
(kg/day) (kg/day)
Dishwashing 0.5 0.80
Cooking 1.62 2.50
Shower 1 1.50
People 7.50 (six people)
respiration/perspiration 5 6.25 (five people)
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Step 3: Once again, to obtahre hourly moisture generation profile of the hoeseh activity is
brokendown in time, based on assumed occupants’ dautines. heschedule of activities and
correspondingnoisture productions in time féhe assumed occupants’ activities in a typical day
is shown inFigure 15(a). The numbers in the boxes indicate the amount of moisture production
during an activity that is carried on from the beginning to the end of the box in kiledrathis
schedule, dishwashing at breakfast, lunch and dinner preparationigiaEsimed to generate
0.1, 0.35 and 0.35 kg of moisture, respectively. Addition of these distributed moisture
productions gives the daily total moisture production during dishwashing (0.8 kg/dagf, i&hi

set inTable3. All occupants are assumed to take showers in the morning betweean@:@200

h, andrelease 1.5 kg moistufseeTable 3).

Assuming light cooking in the morning compared to lunch and dinner times, the total eoistur
production due to cooking (2.5 kg/day) is distributed into 0.5, 0.9 and 1.1 kg, in the respective
periods. The moisture production by occupants due to respiration and perspiration between 9:00
and17:00 h (when the number of occupants is five) is assumed to be 2.08 kg (6.25 kg/day x 1/3
day), and 5 kg for the rest of the time (when the number of occupants is six). The background
moisture production (4.01 kg), which accounts for all the unknown moisture sources, is
uniformly spread ovea 24-hour duration. Finallythe constructed diurnal moisture generation
schedule looks likehe onein Figure 15(b). The maximum moisture generatiq1184 g/hr)
occurs during the morning period between @a@d9:00 h, followed by dinnertime (17:€2D:00

h) at the rate of 968 g/hr. The occupants are assumed to be at rest 90nol1B7:00 h (after

lunch until the time to prepare dinner), and consedly, the moisture generation ralgingthis

period is the lowest (432 g/hr)The diurnal heat generation schedule showRigure 16(a) is

formulated in the same fashion as the moisture production rate, which is basedirordass
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occupants’ daily routines. This information is specifically important for stran cases where

the indoor temperature and energy demand are comguaté&dgure 16(a) the numbers in the
boxes indicate the heat generationimigiran activity that is carried on from the beginning to the
end of the box in Wathour. Occupants are one of the heat sources that can raise the indoor
temperature. In this work, the sensible heat gain from an occuptakers ass7 W, which is
adoptedirom Athienitis and Satamouris (2002). Assuming constant and equal heat ralease r
for all occupants, the total sensible heat gduring 9:00to 17:00 h (five occupants) arad all

other times (six occupants) aréaken as335 W and 402 W, respectively. The periodic heat
source that is associated with cooking can significantly raise the indoor seurpeas well. The
corresponding heat releade the indoor air space during breakfast (69000 h), lunch (9:00
13:00 h) and dinner (17:€20:00 h) prepaations time are to beapproximatedat 750, 2000 and
2000 Watthour, respectively. Moreover, the family is assumed to use a computer divvele

and dinnertime (13:0Q7:00 h), whose heat generation rate is tcapproximatedat 125 W
(ASHRAE Fundamenta200). During the evening (17:683:00 h), lighting and entertainment
appliances such as television are assumed to generate an additional heat gain af 350 W
Assembling these heat generation items yields a typical diurnal heat generhé&duals for tk
house under consideratidfigure 16(b). As shown inthe figure thelowest heat generation rate
(402 Watts) occurs during sleeping time (23800 h next morning), and the maximum (1419
Watts) during dinnertime (17:620:00 h) In the HAMFitPlus simulations, the internal heat gain
at a time is assumed to be composed of 50% radiative and 50% convective heaflgains.
radiative heagain is uniformly distributed and applied on the building envelope interior surfaces

as radiativéheat flux.
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Figure 15 Development of a daily moisture generation profile. a) schedule of actiwas and
corresponding moisture productions in time, b) moisture generation profile of a typicatlay
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Figure 16 Development of a daily heat generation profilea) schedule of activities and
corresponding heat gains in time, b) heat generation profile of a typical day
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3.5. Mechanical systems

The house is equipped with a mechanical heating system, which consists efir@d fulrnace
andforcedair heat distribution system (fan and ducts). The actual heating capacityheftiney
system is not reported in the survey document, but the measured indoor air tempudrtiar
house during the monitoring period suggests that the system has enough heatiitg twapac
maintain the indoor air temperature af@G@/-2°C. Subsequently, an infinite heating capacity is
assumed foHAMFitPlus smulations The house also has a mechanical ventilation system, more
specifically exhaust fans. The fans amstalled in the bathrooms and kitchen. However, as the
surveyor reported, they are not usually operational due to malfuractiept turneeoff to avoid

the noise that is generateduring their operation. Consequently, for the house under
considerationpatural ventilation is the onlgneans of ventilationvhereby air exchanges take
place through unintended openings (airleakage) and/or through intentional openings (e.qg.
window openings). For the simulation period considered in this study, thates the outdoor
temperature is very cold and opening of windows is impractical, the natural wentiis

assumed to occur onby airleakage.

The air exchange rate due to ttime-varying wind and stack pressure is calculated using a
simple single zone infitation model. The model is developed based on conservation of mass
(i.e., the total mass flow rates of infiltrated and exfiltrated air across the buildirejopevare
equal) as outlined in Hutcheon and Handegord (1995). Applicatiorhefitfiltration malel
involves determiation of:the neutral pressure levéio computethe stack pressure at any given
height of the building envelopeomponent) the local wind speedthe surface pressure
coefficients, and the airleakage coefficients of building envelamemponents and finally

solving the nine nonlinear equations simultaneously (two for each exterior walls afa tme
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roof). The wind pressure at the surfaces of the four walls and roof are deterrometthdrlocal

wind velocity profile and wind prease coefficient of the respective surface. The wind pressure
coefficient for a surface depends on the angle between the line perpendidhkaistirface and

the wind direction (Orme et all998). Except for the determination of the airleakage coeffecient

of the building envelope components, which need to be defined once, all the other steps are

repeated whenever the wind or the temperature conditions change.

The air leakage characteristics of the building envelope components (walls andareof)
determired using theair-tightness test resutif the whole hous¢Hood, 2006) The measured
total airleakge rate of the house at 50 Pa depressurization is 5.04 ACHc{ainge per hour),
which is equivalent to 0.2744%h. In this work, for lack of better dati,is assumed that two
thirds of the total airleakage is through the exterior walls and the rest through the robdrhe
is assumed to be airtight based on the fact that its top and bottom layers atd. airti
Subsequently, the proportion of airleakaghrough the exterior walls and roof are 3.36 ACH
(0.1829 ni/hr) and 1.68 ACH (0.0915 #r), respectivelyand the airleakage coefficiendf the
respective building envelope componerds calculated using EquatiofiO] (Hutcheon and

Handegord, 1995), are 1.4595E-4 kg/sBe°” and 9.7302E-05 kg/snPd %", respectively.
Q) = AxCxAP [10]

where: Q; is the airleakag rate (kg/s) A is the airleakage area fn C is the airleakage

coefficient (kg/s.MmPd), AP is the pressear difference across the building envelope component

(Pa)andn is the flow exponent (dimensionless).

Figure 17 shows the calculated natural ventilation rates of the house during the mmgnitor

period. During this perigdhe airleakage rate varies from 0.13 to 0.34 ACH, while the average is
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0.23 ACH. In the simulation case considered hetesre the indoor temperature is nearly stable

and the weather data is hourly, the air exchange ratputations are done hourly.
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Figure 17 Natural ventilation rates of the house during the monitoring period

4. INDOOR HUMIDI TY SIMULATION OF THE HOUSE UNDER CONSIDERATION

The moisture distribution in the indoor air is fairlyifionm, which is attributed to theslatively
smallsize(81.0 nf) of the house and the alistribution system that results in air mixirigure

18 presents the measuratisolute humidityof the indoor air at two locations, living room and
kitchen.As the data indicat¢he house has uniform indoor environmental conditions and can be

represented in the whole-building simulation as a single zone.

40



10.0
=)
= 8.0
N
P
S 6.0
S
>
e
o 40
E:
o
2 20
< . —Living room  —Kitchen
00 T T T T T T T
19-Jan 23-Jan 27-Jan 31-Jan 4-Feb 8-Feb 12-Feb 16-Feb
Time (Days)
Figure 18 Measured indoor absolute humidity in the living room and kitchen of a house
considered for further analysis

The indoor humidity simulation result of the houssing the input parameters discussed in
Section3, is shownin Figure19 along with the measured daifidhe simulation, which took about
20 minutes runtime, is carried out on a computer WittadCore IntelXeon Processof3.00
GHZ) and3.00 GB Ram, and software versions @MSOL Multiphysics3.5a and Mdtab 7.7.

In general, the HAMFitPlus simulation results are in good agreemehnttingt measured data.
The mean predicted indoor relative humidity values of the HAMFitPlus model (4@re%6)ose

to the corresponding mean measured value (39.8%). Moreover, the highest and lowest predicted
mean relative humidity values (27.6 and 60.6%, respectively) are close to tespoading
measured values (23.8 and 57.3%, respectively). The correlations between the iradiver rel
humidity measurement and simulation results are presegmgghicallyin Figure 20. The blue
line in the figures represents an ideal case where the measured and predictedevalyssrfact

agreement. Theloser the data plot to this line, the more accurate is the prediction of indoor
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relative humidity obtained by the model. As showrrigure20, most of the data are very close
to the perfectorrelation line. Fomalmost half(49.47%)of the simulation period, the relative
humidity difference between the measured and HAMFitPlus predicted vahssdute errorsis
less than 3% (relative humid)tywhile for 77.54% (nearly threguarter) of the simulation
period, tle relative humidity difference is below 5% (relative humidifQr nearly the entire
simulation period (98.18%]}he absolute errorare less than 10% (relative humidityhus, the

indoor humidity simulation result of HAMFitPlus can be considered asfaetiory.
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Figure 19Indoor relative humidity of the house as predicated by HAMFitPlus
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Figure 20 Correlation between measured and predicted indoor relative humidity values
HAMPFitPlus

The arerage indoor relative humidity for the monitoring period is 39.8%, while the hourly values
can vary from the lowest value of 23.8% to the maximum vafug7.3%. The indoor relative
humidity decreases from about 50% to 23.8% between January 23 and Z&huawying the
same period, the outdoor temperature decreases-from40°C (Figure11), which results iran
increase in stack pressure due to the increase in temperature differences betwekorttzach
outdoor air. The increased stack pressure resultachigher airleakage ratas shown irFigure

17. Since the moisture content of the outdoor during this period (low temperature) is
insignificant, the high airlekage rate takes away more moisture than it brings into the indoor
space, resulting in decreasing relative humjdis/shown irFigure 19. A relatively high indoor
relative humidity level is observed in the second week of February. During this period the
outdoor temperature is relatively higher, which results in low ventilatiomgeheral, for the

house and climate considered in this study, the outdoor temperature plays araleajor
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regulating the indoor humidity conditions through its predominant effect on stack prasdur
thereby ventilation.A lower humidity level is expected during very cold outdoor temperature
(due to enhancedtackeffect - ventilation) anda relatively higker humidity in cold outdoor
temperature catitions (minimized stackeffectventilation). Thus,problems associated with

high indoor humidity such as mold growth and degradation of building envelope components can
be expected during warm winter periods (early or late periods of winter). In wthds, a
weather condition that does not permit enough natural ventilation by opening windowheas is
case in summer, or that creates high natural ventilation due to very cold owchpardture

(stack pressure), may pose problems.

To assesghe effect & building envelopecomponentson indoor humidity, an additional
HAMFitPlus simulation is carried out without taking into account the moisture buffefiegt

of the interior furnishingf the building envelopeomponentsAs can be seen iRigure21, the
deviation of the simulation and measured data is pronounced at times when theorerail@tis

low and the indoor humidity is relatively high. The only difference between the siomutases
whose results arshown inFigure 19 andFigure 21 is the inclusion or exclusion of moisture
buffering effects of materials, and consequently the higher deviations obseRigdriE21 must

be due to the absence of moisture absorption/desorption effects of building envelope
componentsin the simulationcase with no moisture buffering, the indoor humidity reacs
high as 78%on February 18) conpared to the 60% that is calculated wheoisture buffering
effect is consideredThus, incorporation of moisture buffering effects of materials in indoor
humidity modeling is very important to accurately predict the indoor humidiygliton of a

building, especially for cases where the indoor humidity is expected to be higher.
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Figure 21 Indoor relative humidity of the house as predicted by HAMFitPlus for a case
with no moisture buffering effect

Like the moisture buffering effects of the interior finishing of the building epaecomponents,

it is importantalsoto consider thgghenomenorf moisture removal from the indoor air due to
condensation owindow surfaces, andubsequenévaporation of the condensate to the indoo
air. In the house considered in this papesignificant amount of moisture condenses and freezes
on windows due to the fact that the indoor moisture source is relatively high for eéhef she
house and also the outdoor temperatutevis The surveyor (Stad, 2006) reported considerable
condensation on windows and ice buildagpshown irFigure22, and also moisture staining and
possible deterioration ofhe lower portion of the walls below windowsndoor hunidity
simulation of the house without considering the effect of windowstlaadhoisture buffering

effect of building envelope components resuita very highly elevated and unrealistizdoor
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humidity profile as shown ifrigure 23, where the minimum relative humidity is 61% and the

maximum is 100%.

Figure 22 Excessive window condensation (Stad 2006)
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Figure 23 Indoor relative humidity of the house agredicted by HAMFitPlus for a case
where window condensationis ignored
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Table 4 summarizes the indoor humidity predictions of the house using an empirical model,
Class model (Sandberg, 1995), and a stehaty model, ASHRAE Stalard 160 Intermediate

model.

Table4 Statistical summary of the indoor relative humidity values obtained from mezsuise

and numerical models.

ASHRAE Stadard
Measured 160P
values CLASS Model Intermediate HAMFitPlus
(%) (%) (%) (%)
Minimum 23.8 46.4 61.8 27.6

As shown in the table, the indoor humidity predictions obtained from the simplified indoor
models and HAMFitPlus varies significantly. The mean, minimamad maximum predicted
indoor relative humidity values of the HAMFitPlus are close to the correspomdéagured
values. In the cases of the simplified models, the ASHRAE Standard 160P thegenmmaodel

and the Class model, however, the mean, minimunmadmum predicted values are relatively
high compared to the experimental values. Thus, it is important to take into account thedyna
interactions between the building envelope and the indoor environment in detail, as th#hcase
the HAMFitPlus simulaon, to obtain a good prediction of indoor humidity conditions and

building envelope durability.
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5. CONCLUSION

To assess the indoor humidity condition of a new building design or retroéih ekisting
building, it is important to use a model that tsketo account the dynamic interactions of
building envelope components and indoor environments. The model that is presented in this
paper treats the house as a sys#amd considers the specific features of the houmduding
orientation,the building materiés used,occupant density and assumed activitieggeneral, ite
HAMFitPlus simulation results are in good agreement with the measuredAggikcation of
empirical or steady state humidity modelhich do nd incorporate the transient nature of
moistue buffering effects andilso the various moisture sources and removal mechanisms
including window condensation and comstion moisture,need to beimited to first order
approximation In some caseshese modelgan give unrealistic indoor humidity pres as
presented in the simulation case where window condensation is ofwitieth is the caswith

the ASHRAE 160P Intermediate humidity model).

The moisture buffering effect of thiaterior layer of the building envelope components helps to
modulate the indoor humidity of the house.dttect is prominenat times when the indoor air

has a potential to have high humidigither due to high indoor moisture production or reduced
ventilation. The measured and simulated results indicate that high indoor humidity conditions
occur when the outdoor temperature is relatively warm. In mild weather conditichgling

late fall and early spring seasons, ibisneficialto have a mechanical ventilation system that
supplementshe reduced staeffect naturalventilation to avoidbuilding envelope damage and

occuparg’ health risk related to elevated indoor humidity.
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