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Abstract. The humidity of rooms and moisture conditions afemals in the enclosure of buildings depend maoheach other
because of the moisture exchange that takes phasretioe interior surfaces. These moisture influsraso depend strongly on the
thermal conditions of indoor spaces and enclosdements of buildings. In turn, the moisture and ldityy conditions have
significant impact on how buildings are operated.hist-humid climates it may be desirable to keepvingtilation rates low in
order to avoid too high indoor humidity, while inldalimates ventilation can be used to keep theidityriow and thus reduce the
risk of moisture damage in the building enclosuineeither case the indoor humidity has a direciradirect impact on the energy
performance of the HVAC system of a building.

To analyze this situation, one could benefit froome recent developments in integrated computati@rallysis of the
hygrothermal performance of whole buildings. Suekhelopments have led to new hygrothermal modela/fiote buildings. The
paper gives examples of two such recent developraadtwill illustrate some calculation results thancbe obtained. Finally the
paper will mention some further developments aretirtional collaboration on the subject.
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1. Introduction

Indoor humidity is a result of vapor production sad by activities in indoor rooms and exchange oistare with
the surroundings, mainly through infiltration, vidation and other forms of air exchange. Indoor ity also depends
on the exchange of moisture with the building esgte, as well as with indoor furnishing. Most ofstimoisture
exchange will be of a transient nature, such asnibesture exchange with indoor furnishing and niateron the
interior surface of the building enclosure. Sinte tiotal surface area of materials in contact with indoor
environment can be significant, and many materisy be hygroscopic, this exchange of moisture agitlto moderate
the indoor humidity variations seen in rooms ungarying exposures. In addition, some moisture wlo be
exchanged with the exterior environment throughous moisture transport processes that work actiesswhole
building enclosure. Such transports can normallgd®n as unimportant in comparison to the amowuisamged by
ventilation (Elmroth et al., 1997).

The indoor humidity is one of the most importardsens for moisture accumulation in the buildinglesure.
Thus, there is a need to develop good analytichinigues to evaluate the integral moisture perfowaaf the whole
building, comprising the indoor environment andétsclosure. Attempts to develop such analyticahri@ues have
been presented by Rode and Grau (2003), Mendes @083), Holm et al. (2001) and Simonson et a002). In
addition there is a need to make more experimémgaktigation in whole building such as done by &ison (2000).
Realization that these needs exist has led todimadtion of an international research project m ftamework of the
International Energy Agency, which started by thd ef 2003 and involves researchers from as mam@auntries
(Hens, 2003).

Ventilation of indoor rooms could be maintainedaasay to avoid excess indoor humidity levels. Sitieeindoor
humidity loads vary with a daily cycle, an intefegtquestion is whether proper utilization of theisture buffering
capacity of materials, could keep the indoor hutyidit moderate levels and thereby limit the requiet for
ventilation as a means to control the vapor conteperiods when the rooms are occupied. Moistuféeling might
also avoid very dry indoor humidity levels suchsasn in cold climates in wintertime. In short, nimie buffering may
eliminate the peaks and valleys in indoor humidiyels, and thereby may contribute to an optimizedoor
environment.

There is today a need for more knowledge abouestent to which such effects are worth pursuingd@et al.,
2004). This paper will demonstrate the performanfcevo different whole-building hygrothermal simtitan models.
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They are used to quantify the daily moisture adsmmfdesorption for building enclosures with difet materials,
different HVAC system operation and different owddolimatic conditions.

The topic Whole Building Heat, Air and Moisture Resporisealso being dealt with in a major international
research project which is Annex 41 in IEA’s Enef@gnservation in Buildings and Community SystemsgPamme.
The project, which runs from 2003-2007, has paréition of researchers of 39 institutions from 18edént countries
(Hens 2003, and Annex 41, 2006). The project strteestimulate new developments and exchange exuers, not the
least through execution of “Common Exercises” witlthe subtasks: 1. Modeling principles; 2. Experitaké
investigations; 3. Boundary conditions; and 4. Ldagm performance and technology transfer. Pagitp in the
project typically have a background in either thefrmodeling of buildings, hygrothermal modeling lodilding
envelopes, or in air flow modeling with Computatbiirluid Dynamics (CFD). The interesting and diffictarget for
this research is to combine all the different pbgkiprocesses and the different levels of detaithia building
description — from materials, over constructiongh® whole building..

2. Moisture Buffer Effect

In a general way, moisture buffer capacity can béndd as a material's ability to reduce variatiavithin an
enclosure. For example instead of relative humidggillating between say 40 % and 80 % due to indativities,
proper use of moisture buffering material mightitiwariation between a range of 55 and 65 % RHmaybe even less
variation.

2.1. Moisture Buffer Definitions

Moisture buffer capacity is an essential term Far topic of this paper. Some material properties ififluence the
buffer capacity are density, moisture capacity @water vapor permeability.

» Thedensityis of importance since a fixed volume of materighva high moisture capacity and a low density

has only small ability to contain water as opposethe same volume of a material with a higher dgns

» Themoisture capacitys expressed by the gradient of the sorption cumteere the sorption curve gives the

relationship between the equilibrium moisture contgkg/n?) of a material and the relative humidity of its
surroundings. The sorption curve is not linear #ma, the moisture capacity depends on the actoatune
level.

»  Water vapor permeabilitis a material property that describes the ratmaiSture transport by diffusion per

unit area and vapor pressure difference throughitehickness of material.

Several different ways of defining moisture buftapacity have been suggested. One way is analdagahsrmal
effusivity which expresses a material's capacitglieorb heat when exposed to a given thermal éxcitéHagentoft,
2001). Inspired by this definition, a buffer effexdn be described asnavisture accumulation abilityor moisture
"effusivity"), which derives from vapor permeabilitg.( m?/s), moisture capacity&(, kg/nt) and the saturation vapor
concentration i, kg/nt).
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The unit for moisture effusivity is m/&

The moisture effusivity is different from the w&town term, moisture diffusivity:
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but the following relation can be established betwthe two:

b, =—=
"= . (3)

Another measure of moisture buffer capacitypénetration depti{¢, m) which is also a combined parameter.
includes cycle time, water vapor permeability, sation moisture content in the air (which is highgmperature
dependent) and the moisture capacity. The permtratepth gives the active layer of a constructiwat is able to
exchange moisture with its surroundings during\eemgicycle. The depth at which 37% of the variativrthe surface
can be registered is:

t



Proceedings of ENCIT 2006 -- ABCM, Curitiba, BrazilcD8-8, 2006 — Paper CIT06-0105

D [@
Moisture penetration deptls;; m_p (4)
T
where D, is the moisture diffusivity of the material fs,
tp is the period of the cycle, s

Tim Padfield (1999-2006) used the teravailable waterduring a given period, to compare moisture buffer
capacity of different materials. The available wasegiven by the product of moisture capacftyand penetration
depthe. The unit for available water is gffday.

A so-calledFeuchtepufferfunktionvas introduced by researchers from the UniversitiEssen, Germany and an
overview of its definition is given by Reick, 200Ihe Feuchtepufferfunktiomepresents a mathematical paradigm to
analyze the response of a material when subjectea dtep change in surrounding moisture conditiths not a
material property as such.

Mitamura et al. (2001) introduced yet another wagxpress the buffer capacity. The weight of aetkstmple as
a function of variation in ambient relative humjdivas proposed. The drawback of this measure débuafpacity is
that it requires all materials to be tested expenially for this specific parameter, rather thampddata that is
available from other moisture property measurements

The different above mentioned measures of moigiufer capacity are hard to compare. They havefit units
and contain different parameters. It is not clehiclv parameters are the most significant for buffgracity. This topic
was the issue of discussion of an internationalkgloop (Rode et al., 2004), where illustrations wgireen of the
different results that could be obtained using sofrtbie possible units for moisture buffer capacitie workshop was
followed up by a Nordic which resulted in the défon the so-calledoisture Buffer Valuavhich is suggested as a
parameter to describe the moisture buffer capacibuilding materials (Rode et al., 2005).

2.2. Material/air interactions and the moisture bufer effect

Daily cycles of temperature and relative humidibguce energy and mass pulses into walls of thedingil
envelope. These pulses affect the spatial distabstof temperature and moisture content in thdswahe affected
region has a penetration deptla = and oscillation amplitude A(x). Thus, in an inner regiorg; <x <(l =€),
there is a stabilization kernel, where the moistumetent does not change over a certain cycle $imeh as a day.

Figure 1 shows schematically this phenomenon faah with a high Biot number for moisture diffusidBiy,).

This dimensionless number is the ratio of wall hygesistance to surface hygric resistance. Itlimmathematically
defined as:

i —_Im
Bi = (5)

where hm is the mass transfer coefficient at the interfae®veen the porous material and the air, m/s,
L is the wall thickness, m.

&= &x)
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Figure 1 Typical daily oscillation of moisture cent for walls of higlBi,, numbers.

High Bi,,, numbers mean that wall hygric resistance dominesnoisture transport rate and moisture levetg va
within the wall. In Figure 1,&" and “d” mean adsorption and desorption, respectivelyinduthe cycle time of interest
(e.g. drying out of the wall during daytime becaa$¢he sun and air-conditioning system, and vaisorption during
nighttime). The moisture capacity for adsorptiordesorption due to the characteristics of the aitemal interface can
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be associated with the boundary condition for nuoéstonservation at the inside wall surface. If tbavection mass
transfer coefficient is high, the moisture transtee is governed by the moisture buffer capaditthe porous building
materials. As defined above, moisture buffer cagazn be related to the moisture capacity, petietralepth, cycle
time, density and moisture diffusivity.

Surface parameters such as surface roughness eatthént (e.g. paint) greatly influence the moistodfer
capacity of the system and can be implicitly coesid in a modified convection moisture transferfficient (h, ) at

the surface. As paints do not have accumulatiolityglthey can be considered to add a resistansales the one for
moisture flow through the boundary layer. The caties moisture transfer coefficient can be caladads:

;/ -1
hm = pairCair Le + 1 ( 6 )
h hn,coating
where Pair is the density of air, kg/in
Cair is the specific heat of air, J/(kg-K),
Le is the dimensionless Lewis number,
h is the convection heat transfer coefficient, WH(f), and

hm, coatingiS the permeance of the coating, m/s

For laminar and turbulent airflow, the Lewis numbke, can be considered to have the values 0.9 and 1,
respectively. The following values are consideredoé typical for the parameters in Equation ( &g = 1.007
kJ/kgK, pair = 1.166 kg/r}, andLe = 1.

2.3. An example of the importance of Moisture BuffeCapacity

An example is given here to illustrate the impoc&nf moisture buffer capacity in relation to veatton to temper
the indoor humidity levels. The example case hama with a square floor of area equal to 100 nek far enclosing
walls each 2.5 m high. Only the walls exchange tnoéswith the air (not the floor, the ceiling orhet indoor
materials). The material of the walls has no s@rfficish, so it is open to moisture flow, and cstsiof either brick,
concrete, cellular concrete, “wodd (fibers are perpendicular to the vapor flow),“aood ||” (fibers are parallel to the
vapor transport). The air exchange rate is 0.25) @r 1.00 air changes per hour (ach). The ing@idition and the
condition of ventilation air is 40% relative huntidi The increase of indoor relative humidity isczdated for the first 8
hours after the moisture production rate changss fd to 417 g/h (10 kg/day).

An analytical solution for the increase in indo@per concentration is given by Hagentoft (2001¢onsiders the
interior surface resistance but does not take sip@wvcapacity of the air itself into account:

Dt
2z D,t
vV=vy, + Av-ll - [1—$]ed2 erfc[ = ]] (7)
d2 d2

where v is the indoor vapor concentration at any timegink,
Vo is the initial indoor vapor concentration, kd/m
Av is the increase of indoor vapor concentrationrariténite time, kg/n,
dy is the material thickness equivalent to the se@rfasistance to vapor flow, m,
Dm is the moisture diffusivity of the material s,

erfc() is the complementary error function.
In Equation ( 7 )¢, is calculated as:

, 3600s/hAg,

d, = d, v (8)
where A is the total surface area of the wall$, m
o, is the water vapor permeability of the materiaitia walls, rfys,
n is the total air change rate’,rand
\% is the volume of the indoor space’. m

A surface mass transfer coefficient of 2.721/s is used, which is typical for unpainted wallfie results are
shown in Figure 2. The surface resistance is thsare for the sudden increase from 40 to 42.3%iveladumidity that
can be seen for all walls at time 0 h.
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Figure 2 Increase in indoor relative humidity afieep change in humidity production using varioadl waterials and
levels of infiltration with outdoor air.

Imagine that this were an office where the occup@mtbusiness attire do not want to feel the agobgng too
humid or stuffy during a working day. Could one miize the requirement for ventilation just by chimgssome
appropriate building materials? Most materials vetthe same, and after 8 hours with air exchanigeof0.5 ach, the
indoor relative humidity has increased to approxetya53%. It would have increased to just 48% RHthe air
exchange rate had been 1.0 ach. However, if oneubad end-grain wood, “wood ||", as wall materiaé relative
humidity would have risen to only 47 %, even if ieexchange rate were as low as 0.25 ach.

Conclusions from this simple example are:

1. Most common building materials behave more orfbesame.
2. Product development could possibly lead to new ri@sewhose moisture buffer capacity could help to
reduce the requirement for ventilation (if indoamntidity is a design criterion).

Due to the interaction between the indoor envirommand the envelope materials, further analysisnofsture
buffer capacity of materials and how they behavkeuitdings under normal conditions should be aredyasing whole
building simulation tools as described in the falilog sections.

3. Simulation Tools for Evaluating the Moisture Bufer Effect

Hygrothermal simulations were performed in ordestiow some effects of the moisture buffer capadfityuilding
materials using two dynamic models, which were anpénted in each of two different whole-building tothermal
simulation programs. The first one, the Danishding simulation model (Rode and Grau, 2003), haslbeveloped
at theDanish Building Research Institutand the second one, the Brazilian building sinltamodel (Mendes et al.,
2003), at thePontifical Catholic University of Parana Brazil. The two models have been used for difieicases. A
short description of each program follows.

3.1. The Danish Building Simulation Model

The theoretical basis of the Danish building sifialamodelfor dynamic calculation of the moisture conditions
rooms and constructions is conservation of watareguation for the moisture balance is set up asggifor each zone.
The balance equation expresses that moisture limaged by infiltration, ventilation and air exchangth the outdoor air
and with adjacent zones. Furthermore, moistureédeanged by convective transfer between the zarendithe adjacent
constructions and furnishings. And finally, moigtis released as a result of activities in the zbhe balance equation is
dynamic, so it takes into consideration the buffgsacity of the zone air. A dynamic calculationmafisture conditions is
carried out for the interior of every single coostion and furnishing. The zones on each side efdadbnstruction
constitute the boundary conditions. The air in @ezis considered to be fully mixed.

Constructions (and furnishing) are considered amposite building components consisting of seveagets of
building materials. Every material layer is agawbdivided into one or several control volumes fonickh the
calculations are carried out. A node point in tkater of each control volume represents the canditin the whole
volume. Node points are placed on the two surfaééise construction.
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At each time step, calculations of the temperatilrése constructions and zones are carried owrbefalculating
the moisture conditions. Thus, the distributiortted saturation vapor pressupg, is known at the new time step. The
same control volumes are used for the thermalrathéomoisture calculations.

3.1.1. Moisture balance for zone air

The following influences on the humidity of the aie considered:

* Moisture transfer from adjoining constructions

» Contribution of moisture from various sources antivities, e.g. occupant load, laundry and dryibgthing,
cooking, industrial processes, humidification/dgyiand other

» Penetration of moisture from outdoor air (by iméition and venting)

e Supply of humid air from ventilation systems

e Humid air transferred from other zones (mixing)

3.1.2. Moisture in constructions

The model for moisture transport in the construgdigonsiders moisture transport in the form of vagifiusion.
The moisture transport internally in the construsi is described in a transient way, so each layedisture buffering
capacity is considered. A calculation of the lomalisture balance is carried out for each contrtlme and time step.
Using the sorption curves of the materials, the navisture contents can be recalculated into newesgafor relative
humidity and vapor pressures. The model uses alicitngalculation procedure, which ensures numéstability even
for relatively large time steps.

3.2. The Brazilian Building Simulation Model

The Brazilian model uses object-oriented prograngmamd has been developed to predict the hygrotherma
performance of multi-zone buildings consideringtbeapor diffusion and capillary migration.

A lumped formulation for temperature as well as ¥eater vapor is adopted in each building zone. E§.)
describes the energy balance for a zone subjestidds by conduction, convection, short-wave sadiation, inter-
surface long-wave radiation, infiltration and HVAgstem related loads.

. dT. t
E +E =p_.c. V. —n (9)
t g air air air gt
where Et is the energy gained from outside the room, W,
Eg is the internal energy generation rate, W,
Pair is the density of air, kg/in
Cair is the specific heat of air, J/(kg-K),
Vair is the room volume,
Tint is the room air temperature, K, and
t is the time, s.

The term Et , in Equation ( 9), includes loads associated tithbuilding envelope (sensible and latent coridact

heat transfer), furniture (sensible and latentheftration (conduction and solar radiation), opgwifventilation and
infiltration) and HVAC systems.
The total conduction heat flux that crosses thdrobeurface of each zone is calculated as

m
QwaII,S(t)ziglhciAﬁ[Ti,x: L(D_-li—nt(b} (10)

for the sensible conduction load and as
m
Quan, L= Z LT L O AV () (3] (11)

for the latent load. In Equations (8) and (9) aseduthe following definitions:
A represents the area of tlta surface, M
h are the convection coefficients for heag W/(m?-K)) and masshg, m/s),
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T, (t) isthe temperature at tfiith internal surface of the considered zone, K,

L is the vaporization latent heat, J/(kg-K), and
v is the water vapor density, kgfm

The temperature and vapor density are calculatethdyombined heat and moisture transfer modelcharethe
theory by Philip and deVries (1957) quoted by Menée al. (2002a). This model is based on moistorgent as a
driving potential for moisture within materials. #tever, the moisture content may be quite diffetettveen different
materials, even when they are in equilibrium witreaanother. Thus, the moisture content profile mgyerience a
jump over the interface between different materiatal the mathematical treatment of this discoityrin the moisture
content profile is described by Mendes et al. (2002

There is a strong coupling between the governingatgns. It implies the usefulness of applying &oathm
which is capable of solving all equation sets stam#ously. Mendes and Philippi (2004) describedctivaputational
performance of the MTDMA (MultiTriDiagonal Matrix lgorithm), applied to the case of strongly-couplezht and
moisture transfer in porous building materials.

Engineers and researchers were motivated in thet@asimerically decouple the governing equatioesaose of
the difference between the time scales for heatraoidture transfers. Nonetheless, besides the matieal coupling
between the heat and moisture terms in the consanvequations, the transport coefficients havérang non-linear
dependence on both moisture content and temper&tufiact:

i. for low moisture content, mass transfer is predamily in the vapor phase;

ii. immediately after the liquid water has become atinapus phase, small changes in capillary potemiial
produce high variation in moisture content. Ligtridnsfer rates by capillarity will be greatly enbad. This
microscopic information about “liquid bridges” thapeed up the moisture transport is embedded in the
moisture diffusivityD,.

iii. when the moisture content is high, it is likely ttheégh evaporation rates occur at the boundariesnpting
high gradients of moisture content and temperatamd causing the transport coefficients to change
considerably through the physical domain of theoperstructure;

iv. for the material chosen in this example (lime mQrtaoisture transport coefficients may rapidly e their
magnitude by a factor of 100 or even more;

v. thermal conductivity may also have a substantiabtian of the order of 20%.

vi. These five facts might easily lead to problems witimerical divergence when the physical problem is
mathematically de-coupled.

For the water vapor balance, different contribugievere considered: ventilation, infiltration, intat generation,

porous walls, furniture, HVAC system and respinatiy occupants. In this way, the lumped formulati@eomes:

dw

i = Int 12
(mmf vent)(wext mt) ‘]b+ ‘]ger+ ‘]surf+ ‘]HVAC'O airvair dt (12)

where mmf is air mass flow by infiltration, kg/s
m is air mass flow by ventilation, kg/s
vent

Wext  is the external humidity ratio, kg water/kg dry ai

Wint is the internal humidity ratio, kg water/kg dry ai

Jo is water vapor flow from the respiration of occofsg kg/s

Jger is internal water-vapor generation rate, kg/s

Jsurf IS water vapor flow from porous surfaces (wallsitiions and furniture), kg/s
Juvac is vapor flow from HVAC systems, kg/s

The water-vapor mass flow from the respiration ofupants is calculated as shown in ASHRAE (1993gHKes
into account the room air temperature, humiditjorand physical activity.

The Brazilian building simulation model uses alke triangle model (Shewchuk, 1996) that generates a finite-
element mesh on walls and the ground floor in otdeurecisely calculate shape factors and shadelysareas. The
triangle model is fast, memory-efficient, and rabus computes Delaunay triangulations and cons&aiDelaunay
triangulations exactly. Guaranteed-quality meshes/iog no small angles) are generated using Rupdedlaunay
refinement algorithm (See the triangulation in Itieétom right side of Figure 9).

4. Simulation Results

This section will illustrate some examples of udeh® above-mentioned Danish and Brazilian wholéding
hygrothermal simulation models.



Proceedings of ENCIT 2006 -- ABCM, Curitiba, BrazilcD8-8, 2006 — Paper CIT06-0105

4.1. Test case with the Danish building simulatioprogram

In order to verify the moisture calculations wittetDanish building simulation model and to illustréhe use of a
practical test example for comparison and evalnatfowhole building hygrothermal models, the IEASEEST model
(Judkoff and Neymark, 1995) has been chosen to. §tae IEA BESTEST represents an internationalreffo make
intermodel comparisons of the thermal performantceame variations of a rather well described, amgiinciple
simple test building. The undertaking was a joictivity between the International Energy Agencyjpcts IEA SHC
Task 12 and IEA ECBCS Annex 21. BESTEST has alsmn lmlopted for some common exercises in IEA ECBCS
Annex 41 (Woloszyn et al., 2005).

The small model building is taken to be located&nver, Colorado. It has a floor plan of 6.0 by Bdnternal
dimension and room height 2.7 m (building inten@ume: 129.7 r?) It has two windows (2.0 by 3.0 m each) that are
south-facing in this paper. Otherwise the buildiag only opaque surfaces. Different BESTEST testxdiffer by the
type of construction (heavy or light-weight), windarientations and use of overhangs, and by diffeoperational
strategies and set-points for the heating and wgddystem. The different variations are describgdlidkoff and
Neymark (1995). In this paper we chose to freekgripret some of the variations of the light-weidbtm of the
building with outer walls consisting of 12 mm pldtoard, 66 mm fiberglass insulation and externahr@ wood
siding. Between the plasterboard and the glassiitsetlation is a vapor retarder with vapor diffusi@sistance of 250
GPa-rﬁ-s/kg. The floor on ground and flat roof are al$adightweight construction with timber and plastmard
claddings. In order to thermally decouple the Boddrom the ground, the floor insulation is moharn 1 m thick.

Our use of the building has the windows facing Bauthout overhang. The heating and cooling semtsaare both
20 °C and the systems have sufficient power to tagirthis temperature. The air exchange with theel@ors is by
constant infiltration of 0.5 h The building has no internal walls or furnishings the only possibility for indoor
humidity exchange is by infiltration with the outstoair and by moisture exchange with the constonstiin the
building enclosure. The thermophysical propertiehe materials in the building have been enterethé database of
the Danish building simulation program such that tteermal properties are in accordance with theipations from
the BESTEST examples. The moisture transport pti@ge(sorption curve and water vapor permeabil@sd from
similar materials in the program's database. Thikling as entered in the Danish building simulatimodel can be
seen in Figure 3.
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Figure 3 BESTEST building as entered in the Damikble-building hygrothermal simulation model.

It is desired to test the program's ability to matie moisture exchange between the indoor envisstirand the
building enclosure. Therefore, a usage patternbezs devised by which there is vapor productioneight hours
during daytime. To further simplify conditions tfieor and ceiling are assumed to have vapor tigsidie finishes, i.e.
only the walls participate in the moisture exchangbe interior surface of the plasterboards is sspd to be
unpainted, but there is an interior surface rescgtdo convective moisture flow of 0.05 GPa-mz2.s/kg
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4.1.1. Base test of accumulation of indoor humidity

To initially test the model, two relatively simpémalytical tests were carried out first, analyzing situation after
the indoor humidity generation suddenly starts edta of 0.417 kg/h. Initially, all interior coriitins are at 20°C and
40% relative humidity, and an artificial weathentaldile has been generated also with this constantition. A
preconditioning period of one month without moistproduction was run first.

The first test assumes all surfaces to be inertapor exchange. The walls are assumed to be cléd ami
impermeable liner. Thus, in theory, the indoor hditgiwould increase according to:

c=c,.+—|1-e 13
0 v (13)

c is the indoor vapor concentration, kﬁlrat any time, t,
Co is the initial and outdoor vapor concentratiorv,nk3g
G is the rate of indoor vapor release, kg/h,

n is the air change rate’*hand

\% is the volume of the indoor space®.m

The second test is similar, but now assumes tlegigmtsurface of the walls to be open. The theorgaiculate this
case is described in the example in Section 2.3.

Figure 4 shows the analytical and simulated evoutf the indoor relative humidity in the two caségnerally,
the agreement is good. But there is a clear devidietween simulated and analytical result sherflgr the humidity
production begins in the case when the plasterbisardt vapor tight. The reason is that the anedytsolution does not
take into account the moisture capacity of the zine
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Figure 4 Analytical and simulated development afdior relative humidity after sudden initiation aférnal humidity
production. Two cases: With and without vapor tighwering of the walls.

4.1.2. Indoor humidity variations in the BESTEST bulding under natural conditions

For natural conditions, the outdoor climate of DemyColorado is used (Department of Energy, 2006 indoor
humidity condition is investigated when the moistproduction rate is 0.18 kg/h from 9 am to 5 prargway. This
would correspond to the situation if the room wased as an office by three people. Once againsteoarios have
been explored: One has a vapor tight covering enirthide of the walls, and the other has the pldstard open to
moisture transport across it. Like before, theffland ceiling are assumed to be impervious to mist

Figure 5 shows how the monthly average of the indelative humidity varies over the year from ap{intately
15 to 50% relative humidity. The values are the esdon either tight or open interior wall surfacekwever, Figure 6
shows that the hourly distributions are differemt the two cases despite the same imposed corgliioring week 26
(the last week of June). The open structure butfegsindoor humidity so that the daytime maxima lawer and the
nighttime minima are higher than they would betfa tight structure.



Proceedings of ENCIT 2006 -- ABCM, Curitiba, BrazilcD8-8, 2006 — Paper CIT06-0105

2004

100

an

an

70

G0

I Torperature, G e Belalie Honidly %

50 — T_operative, °C
" ] = RHuopen, %
\ == RHtight, %
30 // ‘\\
0 = —
—— T
0
1}
1 2 3 4 5 fi T g a o " 12
hdonth

Figure 5 Annual distribution of the monthly mearues of indoor operative temperature and relativeidity of the
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Figure 6 Distribution of the indoor operative temgtare and relative humidity during week 26 (endwrfie) with open
or vapor tight interior surfaces.

Fang et al. (1998) developed an expression to grélae voting of occupants with the acceptabilifyir@oor air
quality on a scale from -LClearly Unacceptabléo 1: Clearly AcceptableThe predicted voting depends linearly on the
enthalpy of the air. For clean air, the relatiopshi

Acceptability= —0.033H+ 1.66: (14)
whereH is the enthalpy of air (kJ/kg).

The enthalpy can be calculated from the temperatndehumidity. Since both the indoor temperatur lumidity are
modeled, it is possible to get a prediction of pleeceived indoor air quality according to Equat{och¥ ). Warm and
humid air, which may feel comfortable from a norrtf@rmal comfort viewpoint if activity or clothinigvels are low,
may be assessed as “stuffy” and not particularbeptable according to the perceived air qualityeindrhe resulting
prediction of the acceptability is shown in Figuardor the two cases with and without a tight inséroovering of the
walls. The variations between cases are relatigemall, and generally, the air quality is good. Néweless, it is
interesting to analyze the values during the perigtlen the room is occupied. Table 1 shows theageeperceived air
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quality values in the hours of week 26 when thamas occupied, and when the room is unoccupieda@mage, the
room experiences a very small improvement of peeckindoor air quality when wall materials are usddch are
open to vapor transport are used (perceived alitgircreases from 0.41 to 0.45).
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Figure 7 Hourly distribution of perceived indoor quality (PAQ) during week 26 with interior claddi of the walls
either open to diffusion or vapor tight.

Table 1 Average value of the Perceived indoor Aiaf@y during hours of the room being occupied noccupied in
week 26 for the cases with and without tight cavgf the walls.

Mean Perceived Air Quality Open wall surfaces Tightl surfaces
Room occupied 0.45 0.41
(9 am - 5 pm)
Room not occupied 0.48 0.51
(6 pm - 8 am)

To illustrate the perspective of whole building stare analysis, Figure 8 shows the calculatedivel&tumidity in
the layers of the south wall during week 26. Framhsanalysis it could be interesting to see if tingh outdoor
humidity and warm conditions during summer causesrhuch moisture accumulation on the interface betwthe
vapor retarder and the insulation layer, such mhatild growth could occur. For week 26 the relativenidity reaches
at most 82% at maximum, and only for a short peridk risk of mould growth is small.
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Figure 8 Distribution of relative humidity in thaylers of the south wall during week 26.
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4.2. Test case with the Brazilian building simulatin program
To test the effects of moisture buffer capacity indoor air conditions for a Brazilian climate, axgle-zone

building with a typical building envelope was simtdd using the Brazilian hygrothermal model. Figairehows the
building that was modeled. Floor area is Z5amd the walls are from different materials.

|| drquive Visuslizar Clima Materiaiz Opclies Zonas  Simulagio I |y B = X |

n [Den |[v+mawm [t 42« % e

B )

Zoom : 0.6 % M® Zonas : 0

|fonas Seledanadas ¢ 0 A=53501m ¥=5464m 1250 m* [Zoom il o

Figure 9 The simulated building on the main menthefbuilding Brazilian hygrothermal simulation nedd

The Curitiba Test Reference Year weather datanfile used in the simulation for week 52 (Dec. 25-8hjch is a
hot and humid period in Brazil. The initial conditis were set as 20°C and the humidity ratio as/k§. §Vithin the
walls, a moisture content corresponding to 60%tikelehumidity was used. First, the analysis wasiedrout for wall
W1 comprising three layers: 20 mm of lime morta®0Imm of brick and 20 mm of lime mortar. The eféecdf
moisture buffer capacity for it were compared tosta for a second wall W2 made simply from 100 mroradk.

Figure 10 presents the room air temperature ewmwduring the test week and allows comparisons wheisture
effects in porous building materials are ignorekde Thaximum deviation between the curves with artlouit moisture
effects in Figure 10 is around 2°C when there izemtilation. It occurs at the temperature peaksickvthe moisture-

based model tends to attenuate. This attenuatioraisly due to the higher thermal capacity of thidding envelope
when moisture is considered.

Figure 10
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Temperature evolution for the 168 hotithe 57 week. Results of calculations with or without
consideration of moisture adsorption/desorptiorsf@es), and with or without ventilation.
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Figure 10 also shows the effects on the temperathen 6 ach of ventilation is imposed during wodkhmours (8
a.m. — 6 p.m.). The maximum difference due to tleéstare buffer capacity effect in Figure 10 is ardul°C between
the curves with no ventilation.

The effect of moisture buffer capacity without viiton is especially obvious when the relative fhdity is
plotted for the test week. This is done in Figute 1

Flelative huridity (%)

— With mosture adsfdes. —— With o mosture adsides.
—— With moktue adsfdes. and wentilation —E—With o moksture adsides. and ventilation

20 -
19 17 2 33 4 4 5 45 73 Bl & 097 105 113 121 1329 137 145 153 161
Tirne (k)

Figure 11 Relative humidity evolution for the 168uhs of the 5% week.

The deviations between the predicted indoor aiatred humidity with and without moisture effectseamuch
higher. The difference can be as high as a 40%welaumidity during the week shown in Figure 11.

On the other hand, under the imposition of 6 aclvesitilation, the moisture buffer capacity hardffeats the
prediction of relative humidity. With ventilatiothe maximum deviation between the curves for thative humidity
with and without moisture capacity is 5% relativenidity.

Table 2 summarizes the daily-integrated moistuesvfthrough the internal surfaces of the south- andh-
oriented walls. Since the city of Curitiba is loediat a latitude of 25.4°S, the north-oriented wgaihe driest one. Solar
insolation causes a high evaporation rate at thermed surface and it only absorbs moisture fromittdoor air. The
south-oriented wall absorbs moisture from the r@nand releases moisture to it. In Table 2, loggétive numbers)
denote that moisture is adsorbed by the wall duaicgcle time of 1 day.

Table 2 Daily Moisture gain/loss for the south- amith-oriented walls.

Date (mm/dd)
Wall Orient. Moisture 12/25 12/26 12/27 12/28 12/29 12/30 12/31
g/(n?-day)
Gain 0.71 9.98 13.25 54.86 28.9 12.13 2.45
South Loss -54.54 -46.86 -15.98 -7.26 -16.22 -22.88 -32.0
Gain 0 0 0 0 0 0 0
North Loss -106.85 -110.2 -155.77 -85.37 -101.94 -104.08 -97.12

The wall results are presented graphically in Fegl@. Vapor flow less than zero means that theiflugwards the
outside. This drying behavior can be explained liy ¢omposition of typical building envelopes in HBraThey are
made of thin layers of porous materials with nooraggetarder. In addition, the hygric resistanceaiht is very low so
that considerably high moisture transport occurdseste results show that materials with a higher tm@sbuffer
capacity can attenuate the room air relative humidi
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Figure 12 Vapor flow at the internal surface ofthand south-oriented walls.

5. Experiences, challenges and follow-up work
The work with the whole-building models of combinkdat, air and moisture transfer is still rathewneso

experiences are just evolving. However, some ingiwes can be rendered:

« Improved hygrothermal modelingotentially there exists a huge advantage in mugl¢he heat, air and moisture
conditions of all parts of a building at the sarimeet This facilitates the simultaneous predictidritee way in
which one building component or zone forms boundamydition of another component or zone, and timosath
and accurate calculations should result. Howeherythole calculation gets rather complex, and thegenot easy
to manage. Some important elements are listeceifolfowing.

« Knowledge of propertiesLike in all simulation, the quality of input datis paramount. The number of
hygrothermal properties and other data about coemisnand systems in buildings is very large, andhreach
one of these data may have very significant inftgelon the calculation results. Furthermore, manythef
processes are nonlinear, and may even show sornterdtys effect. Thus there is a risk of very laggpeead in the
calculation results.

» Multidimensional effects and crackuilding components are far from just homogenoageted structures which
can be described sufficiently by one-dimensionatlei®. Two- or three-dimensional models ought tefmployed,
and in this context it is very relevant to considéso the cracks and cavities that exist in bugdinnstructions —
whether their presence is intentional or accidental

« Interfacial conditions.The whole building perspective highlights the iatgions between different elements of a
building. In this perspective the heat and massstea coefficients and conditions in various mictwratic loci
become very important. Advanced building envelopmlets may be multidimensional, and models for hgd
zones may apply a multi-zonal approach or userfieshes such as in CFD calculations. But it is 1stittcommon
that whole-building models have such fine grantyan description of both the building envelope amhes that
accurate interfacial relationships can be developed

* Coupling of CFD with Heat, Air and Moisture (HAMjahsfer models.In the future, for more complete
predictions, it may be necessary to establish cltisks between CFD models for the fluid conditiomisair in
rooms and HAM models for building envelopes, sulbht tthe two types of model will directly provideeth
boundary conditions for one another.

e Furnishing.Real buildings are furnished with various objeatst only furniture but also paper/books and testile
Walls and surfaces are treated with paint or varnWe still need to develop the representationhas teality
better, although some investigations and attemgpis been made already (e.g. Svennberg, 2006).

e Exterior boundary conditionsThe increased detail and completeness of modsels demands better detalil
regarding the exterior boundary conditions., eansideration of air flow around buildings and widdven rain,
and better geometrical distribution of solar amiplavave gains and losses.

» Distribution of solar gains in roomay have an influence also on the air and humizityditions in rooms and on
sunlit objects, and thus deserves to be accuregphgsented.

»  Ground couplingThe hygrothermal influence from contact with thewrd is important for most buildings. The
ground is a multidimensional body, and the transporcesses are highly transient. This should bsidered not
only from the thermal perspective, but also for t@sture flows in the soil (as by Janssen, 20@2@nSantos et
al., 2006), and the effects should be coupleddonthole building.
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» Ageing and durabilityThe development of properties over time, as agllimensional changes that occur in real
buildings is a challenge that in many aspects neybrth considering when trying to capture by modgghow
buildings really perform. Eventually, whole buildimodels should make it better possible to pretiietphysical
processes that degrade building components, arslititegration of durability models into the wholeilding
analysis is an obvious further development.

« Energy performance and indoor air quality analysElsis topic forms the overall motivation for makitige whole
building models: To make available some complet& arcurate tools to analyze the sustainability wfdings.
The tools will comprise all parameters pertainingheat, air and moisture flows which are relevantdnsider,
such that energy and IAQ optimizations can be mbdev as the tools are evolving, there is still sammare work
to do demonstrate the benefits of their use.

6. Conclusions

This paper has demonstrated use of two state-eduthenodels for integrated calculation of the hybgesmal
behavior of indoor climates and building enclosuith these models it is possible to predict bibth variation of
indoor humidity and moisture accumulation in buiiglienclosures. As demonstrated in the paper, #pahility is
important because it gives insight into how moistisrexchanged between materials and indoor air.

Improved understanding of the integrated moistuned@ions should foster new analytical investigasiaf how
moisture control strategies can play an importafg m energy optimization. Appropriate combinasoof materials
together with new operational strategies for HVAGtems may lead to new possibilities to obtain higtoor air
quality but with reduced energy consumption.

As demonstrated in this paper, a possibility isise some example buildings as test cases to exihlerdifferent
features of hygrothermal simulation models for wehbulildings. It has been suggested to develop ttestecases as
extensions to the IEA BESTEST method used prewoil testing of energy simulation models. Thesd ather
calculation exercises concerning the moisture perémce of whole buildings are developed and execwithin the
international research project IEA ECBCS Annex Whole Building Heat, Air And Moisture Respoifsens, 2003,
and Woloszyn et al. 2005).
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