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1 INTRODUCTION

Knowledge on theory of heat, air and mass transfer is essential for design of comfortable, healthy, durable and
energy efficient buildings. This course concentrates on introducing the central theory of heat, air and mass

OGN YyAaFSNE GKAOKMNRNXKSNIYER ObAftBRy#HI BReaAOastd | 25SOSN.
assumed known for the reader. The focus in this course is therefore on mass transfer and on combined and
coupled effects of heat and mass transfer.

Combined heat and mass transfeas vell as the different forms of mass transfgis a very complex field and

the theory can partly be very challenging and requires advanced mathematics. In this course material, the
theory is presented, however, in a relatively simple form in order to méie student able to use the
knowledge in building engineering applications.

Building performance criteri@a short intro
Building performance is related to heat, air and moisture states of a building and in its components.

Performance criteria can be dildd into health, comfort, durability and sustainability criteria. Here are some
examples on these criteria and which states of the building and its components plays a role

Health: is about optimising building occupant welfare (and productivity)

1 VOC emissio and release of other chemicals from building materials pollutes the interior living
environment. VOC emission dependgeyhperature and humidity

1 Radon is a radiactive gas present in soils and causes lung cancer. Distribution and concentration of
radonin a house is related tair flows

Comfort is about optimising building occupant welfare (and productivity)

91 Air quality acceptability is how the indoor air quality is judged by the occupants. It deperais on
temperature and humidity

9 Draft experience isir flows experienced as uncomfortable to humans. It depends orathéow
velocity and temperature

Durability: is about maximising building service life (and avoiding damage)

1 surfacemoldgrowth develops if the material and the surface is susceptibtadld growth and certain
humidity and temperature conditionsre present

1 wood rot may develop in wood if kept wet for a long time. Rot initiation and development depend on
moisture contentin the wood

91 thermal expansion and shrinking happen dugdmperature changesnd lead to cracks

1 hygric expansion and shrinking happens duentwisture contentchanges and lead to cracks

91 lower material strength and stiffness due to higioisture contentlead to losof structural capacity
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increased thermal conductivity due to highoisture contentsin material lead to higher heat losses
moss formation due to higmoisture content in material

corrosion due tamoisture on material

frost cracking due to highmoisture contentand lowtemperature in material

efflorescence due tanoisture in material

= =4 4 -4 -

Sustainability is about minimising consumption of fossil fuels and materials via optimal building design and
solutions

1 minimal heat bsses and maximal solar gains are essential for energy consumption (winter) while
control of sun and ventilation air are essential for comfort (summer). Energy use and comfort depend
on heat and air flowsthat again depend on e.g. geometry, orientation ahaalues

1 performance of sustainable constructions (with lowé&lues) depend®n heat, moisture and air
flows

9 active facades try capturing heat flows from interior and heat gains from sun and the performance
depends orheat and air flow

91 green roofs prowe cooling (summer) and inertia (winter) and are important buffer for rain runoff.
The performance depends dreat and moisture flow

More detailed performance criteria are found in lecture n8teHygrothermal assessment methods

Why is hygrothermal buildg physics important?
Traditional building design has evolved slowly through generations and the solutions are mostly performing

well and as expected, due to the long experience with the solutions. In current building design, the solutions
and materials lsange rapidly, and solutions are often unique. Due to the lacking long term experience, there
is a need to be able to predict the building and component performance. This requires good knowledge on
heat and mass transfer theory.

Ensuring good building perMmance in new buildings and especially with new solutions with new materials is
one of the application fields for hygrothermal building physics.

There will be even more focus on and demand for comfortable, healthy, durable and sustainable buildings in
the future. The challenge is not only for the future buildings to be designed but even more the refurbishment

of existing buildings and constructions. Refurbishment is a highly relevant current and future application field
for hygrothermal building physics.

The theory can be applied as well fdesignof wellperforming new buildings and solutions as dt@gnosisof
failing performance: why there rmold growth or why is the indoor air too hot. A diagnosis will then require a
solution, which again is found lapplying hygrothermal building physics.

Focus on balances and flows
Heat and mass states of the building and its components are governed by heat and mass flows witlgn them

and vice versa. Heat and mass states are often referred td/dd-states (temperature, air pressureyapor

8
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pressure, liquid pressure, moisture content). Heat and mass flows are often referredHaMslows (heat
flow, air flow,vaporflow, liquid flow).

When applying the theory either as a part of design process or as a partgrfodia, there are two main
concepts for approaching the solution:

1. HAM-state should remain between limits

a. design:how to keep HAMstate between lower & upper limits ?
b. diagnosiswhy is HAMstate outside of lower & upper limits ?

2. HAM-state resultsfrom balance of HAMlows
a. design/diagnosisrequires knowledge & control of HARbws

A central method to solve a hygrothermal building physical problem (e.g. to find the resulting air temperature
in a room) is to set up and solvéH&M balancg e.g.forthe room air). In this course, the focus is therefore on
setting up HAM balances and solving them.

Learning objectives

The course learning objectives are summarized here. After the course you should be able to

1 explain why air and moisture transfer aessential in hygrothermal design or diagnosis of building
components and whole buildings;

1 explain and apply the transport equations for heat, air, moisture in building components and zones;
and formulate heat, air, moisture balances for the analysisygféthermal problems;

1 apply mathematical methods and problem solving approaches for the solution of hygrothermal
problems; and assess the reliability of obtained results;

1 classify building materials concerning their hygrothermal properties; and evahgiteinfluence on
the generic hygrothermal response of building components and whole buildings;

9 design hygrothermally correct building components and whole buildings; and diagnose hygrothermally
incorrect building components and whole buildings;
+ Carstas Storyline skema som viser strukturen | emnerne, som ogsa henviser til forudsaetninger
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2 HEAT TRANSFER

A first definition of heat is found in thermodynamics. Thermodynamics divides the world into systems and
environments. A system can hénost anything: a volume of material, a building part, a building construction,

LI NI 2F GKS KSFGAy3 aeadSyz Si0Oo 2SS Oly S@Sy f22
OGN} YyAFSNNBER 0S06SSy I aeéaidSi¥putpeséul dnd grgarizgddhedd B giffasey i ©
and unorganized. A second definition can be found in particle physics in which heat denotes the statistically
distributed kinetic energy of atoms and free electrons. In both cases heat is the least nobleffenargy,

which means the most diffuse of all, to which according to the second law of thermodynamics each nobler

form degrades.

¢CKS dljdzr t AGeég 2F KSIFIG A& RSGSNXYAYSR o0& AGa LRGSYGALlf
standingfor higher mechanical energy of atoms and free electrons and the possibility to convert more heat

into power via a cyclic process. Lower faretures give heat a lower quality, which implies less mechanical

energy on the atomic st Higher temperatureare obtained by warming up the system, i.e. by adding heat,

lower temperatures are obtained by cooling, i.e. removing heat from the system.

Heat and temperature cannot be measured directly. Yet, temperature can be sensed, and is indirectly
measurable beaazse a great deal of material properties depends on it:

o thermal expansion: for a mercury thermometer, we use the volume expansion of mercury as a
measure for temperature;

o electrical resistance: for a Pt100 resistance thermometer, the electésitarce of a platinum wire
functions as a measure of the temperature;

0 contact potential: this is the basis for thermocouple measurement of temperature.

The Skystem uses 2 scales for temperature:

0 empirical:degree Celsiusymbol:’ [°C]). 0 °C is theeiple point of water, 100 °C is the boiling point of
water at 1 Atm or 101300 Pa.

o thermodynamic.degree Kelvigsymbol:T [K]). O K is the absolute zero, 273.15 K is the triple point of
water.

10



DTU Byg Course 11122 Heat and mass transfer in buildings

Some Definitions:

Heat
Symbol: E

Units: Joule [J]

Quartity which indicates the thermal energy content. Heat is a scalar.

Heat flow
Symbol: Q
Units: Joule per second [J/s] = Watt [W]

The heat energy transferred per unit of time. Heat flow is a scalar.

2.1 Heat conservation

The law of conservation of energy s @mpirical law of physics. It asserts that the total amount of energy in

an isolated system remains constant over time. A consequence of this law is that energy can neither be created
nor destroyed: it can only be transformed, from one state to anotfidre only thing that can happen to energy

in a closed system is that it can change form: for instance chemical energy can become kinetic energy.

For an open systema system that allows exchange of energy with the environmenonservation of energy
implies that the amount of energy stored in the ®m must be equal to the difference between the energy
amount added to the system and the energy amount taken from the system. When applied to heat transfer,
this can be expressed as:

Estored = a Ein - anut (2.1)

in whichE, and B, [J] are the added and taken amount of heat respectively. Translation to-foraellation
gives:

dEstored /dt = a Qin - é.Qout (2.2)

in whicht [s] is the time and), and Quout [W] are the heat inand outflows. This gxession forms the basis of
all heat transfer analysis: if we can relate heat storage and transfer to temperatures, then we can investigate
0KS WKSI G NBaLkR yredsaad whdke bdaldiogs RAy 3 02 Y LI

In many cases, we can limit ourselves to a statioryNJ YAGYARYSSLISqsiRu&tighiii®which all amounts
of stored and transported energy remain constant. In that case, the time derivative in EqRa&ioecomes
zero, and the standard heat balance agjon is obtained:

11
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é. Qin - aQout =0 or @in = @ut (2.3)

2.2 Heat storage

Heat exists in sensible form, which means temperatelated, or in latent form, as heat of transformation.
The sensible energy content of abject consists of the kinetic ergy of its vibrating atoms and free electrons.
This sensible heat is proportional to thes O Q& G SYLISNI ( dzNB Y

E..=V_.r.c. T (2.4)

sens mat "’ mat ~mat

in whichVmat [M3] is the volume of the object,mar [kg/m?3] is the material density andna: [J/(kgK)] is the
specific thermal capacity of the material. Examples ot#jethermal capacity values for different building
materials can be found inthe lecture presein A 2y YR Ay (GKS WIiKSNXIFf LINELISNI A

The latent energy content is related to phase transformations, and we will limit it here to the evaporation of
water. Since energy is needed to transform liquid water into wasgor, the resiting vapor must have a
higher heat content than the liquid:

Ea =Vy (L (2.5)

in whichV,"y [kg] is the mass ofaporandL, [J/kg] is the heat of vaporization of water. In many cases however,
the latent heat itself is not considered, only latent heat transfer is taken into account in condensation and
evaporation processes.

2.3 Heat transfer

Sensibléheatcan betransferred by advection, conduction, convection and radiation. Latent heat transfer is
only considered for condensation and evaporation processes.

2.3.1 ADVECTION

Advection implies the heat transfer due to global mass transport: any transport of mass ingdrangfers
the internal heat of the mass concerned and thus gives the advective heat transfer.

The transport law for advection:

Q=G CT (2.6)
in whichGouik [Kg/s] is the global mass flow.

12
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2.3.2 CONDUCTION

Conduction indicates the energy transported when vibrating atoms collide and free electrons move collectively.
Heat is transferred that way between solids at different temgiare in contact with each other arfaetween

points at different temperature within the same solid. The mode also intervenes when heat is transferred in
gases and liquids and in the contacts between gases and liquids at one side and solids at the other. Conduction
always occurs from point@t a higher temperature to points at a lower temperature"{(daw of
thermodynamics). Conduction requires a medium, but no observable mamqic movement is linked to it.

T, A T A
(e Id (e Idx
'I?Z T+%dT
Figure2.1lr epresent ation of Fourierdés |l aw for finit

For a slab of material with surface ar&@m?], thickness [d] and surface temperaturgsandT; [K] (as show in

Figure2.1 left), the heat flow is proportional to the temperature difference and surface area, and inversely
proportional to the thickness. The proportionality constant is the thermal conductijtyk 6 Yi Y08 2F (G KS
YEGSNRIFt @ ¢CKAAa IAPSE C2dz2NASNRA fF¢g F2N) KSIHdG 02y RdzOi

T,-T,  T,-T
Q=A 1L _2=A sz where R

(2.7)
d

—“Q_

¢CKS ljd2GASYyld 2F GKS aflroQa GKAO]YSarRmAKAMWRcoOmgiRedzO G A G A (
to an electrical resistance. Equation (2.7) is only valid however under stationary conditions, for ene
dimensional flow, with constant properties and without heat generation inside the slab.

A differential equation for conduction heat transfer can be obtained by inserting thetadimal thickness
and temperature difference (as shownHigure2.1 right):

T-(T T
Q=A IQ =A- ﬂ (2.8)
dx dx

in whichx[m] is the space coordinate. Equation (2.7) thus implies that the heat flow at any point in a
medium is proportional and opposite to the local temperature gradient.

2.3.3 CONVECTION

Convection heat transfer mode is comprised of two earliechanisms: heat advection and heat conduction,
at the local scale of the interactions between a surface and a fluid.

13



DTU Byg Course 11122 Heat and mass transfer in buildings

VZ TZ
?/ boundary layer E/
v, =0 T,

Figure2.2 convection over a flat surface, with the velocity and thermal boundary layers.

Convection heat transfer occurs when a cool fluid flows past a warm surface (or wWagagdepicted iRigure

2.2. The fluid adjacent to the surface forms a slowed downaregialled the boundary layer. The velocity of

the fluid at the surface is reduced to zero due to the viscous action. Therefore, at this point the heat is

trangferred only by conduction. The moving fluid then carries the heat away. The temperature gradient at the

surface of the body, and thus the overall heat exchange between body and fluid, depends on the rate at which
the fluid carries the heat away.

Convection heat transfer may be classified according to the driving force of the fluid flow. Forced convection
occurs when flow is caused by external means, such as fans or wind. An example is convection between
exterior air and exterior building surfaces.

In contrast, in natual (or free) convection the diow is induced by buoyancy forces, sing from density
differences caused by temperature variations in the fluid. An example is convection heat transfer that occurs
between interior air and interior buildg surfaces.

In such situation, the air that makes contact with the warm wall surface experiences an increase in temperature
and therefore a reduction in density. Since the warm air is now lighter than the surrounding air, buoyancy
forces induce a verta motion and the hot air rising from the wall is replaced by the inflow of air at room
temperature.

Anotherclassificatiorfor convection heat transfer may be based on the nature of the flow in the boundary
layer. Laninar flow occurs at lower values ferand is characterised as an orderly layered flow. As the mass
exchange between different layers in the boundary layer is limited, laminar flow will give low convection heat
transfer. Turbulent flow, on the handceurs at higher values for and is characterised as a chaotic flow with
lots of exchange between the different locations in the boundary layer. Turbulent flow henceatiypyields

high convection heat transfer.

While the combination of advection armbnduction makes convection dependent omywenany parameters,
the transport law for convection is deceivingly simple:

Q= Ahconv (Ty 'Tz) (2.9)

In whichheony [W/(M?K)] is the convective surface heat transfer coefficient. fichevalue depends on many
properties of the fluidum and the flow, but we will mainly work with the standard values:
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interior environment: vertical surface 3.5W/(m3K)
horizontal sirface, heat flow upward 5.5W/(m3K)
horizontal surface, heat flow downward 1.2W/(m3K)
exterior environment: all surface orientations 20W/(m?K)

Do however keep in mind that these are just accepted standard values, which matedskangly for specific
applications. If your analysis is very sensitive to the value of the convective surface heat transfer coefficient,

then more specific correlations are to belalp A S R @ CKIG Aa K2gS@OSNI I Adzo2SO0i

LIKearoaQ O2dz2NESO

2.3.4 RADIATION

All' bodies emit energy by means of electromagnetic radiation. This electromagnetic radiation takes the form
of photons moving in a random direction, with random phase and frequency. Electromagnetitiomadi
transferred as a result of a temperature diffei@nis called thermal radiatiofRadation does not need a medi

um: on the contrary, it is least hampered in vacuum.

An ideal thermal radiator or a black body will emit energy at a rate proportional to'ttpewer of its absolute
temperature and its surface area:

Qemis =A §'y4 (2.10)

in which™ [5.67 x 16 W/(m2iK*] is the StefarBoltzmann constant. A neideal radiator will onlyemit a
fraction of that energy:

Qemis = Ae §'y4 (2.11)

in whichs [-] is the emissivity of the body, always between 0 and 1.

When the emitted radiation hits another body, fractions of the incoming raaliedre absorbed, reflected and
transmitted:

Qabs =A aqin A qlﬁ
Qrefl =A rd;, (2.12)
Qtrans =A tqin

in whichh, ", _[-] are the absorptivity, reflectivity and transmissivity of the body, arfiN/m?] is the incoming
NI RAFTGA2Yy LISNJ Yu 2F &adzNFIFOS I NBI o ¢KS Sljdz f AGe@
absorptivity and emissivity are equal whemesaering radiation of a certain wavelength.
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2.3.5 SHORWAVE AND LONGAVE RADIATION

All radiation propertieg, emissivity, absorptivity, reflectivity, transmissiviggepend on the wavelength of the
radiation involved. This wavelength in turn depends onrtiation temperature of the radiator: the higher

the temperatures, the shorter the wave lengths of the emitted radiation. In building physics, we distinguish
only two radiation temperattes: the solar surface (at roughly 5800 K) and the normal envieon (at around

300 K). The sun hence yields shedve radiation, while the environment gives lewgve radation. The
absorptivity for shorfwave radiation will hence be indicated withs while the emissivity for longiave
radiation is given as.

2.3.6 EXCHANGE OF LONG&\E RADIATION

The exchange of shewtave radiation is sufficiently described with Equation (2.12). The eghange of long
wave radiation between radiating bodies at different temperasirequies some further elaboration though.
Leaving a lot of mathematics out, heat transfer by levaye radiation can be described as:

s (Ty4 - T;‘)

&- g 1 (1- B)A
e +F ¥ e,A O

g L1 yz

A Fry,S (Ty4 'TZ4) (2.13)

Q=4

1 OO0

in whichRy;[-] is the view factor between surfacésandA;, and the term in blue makes up the radiation factor
Fryz[-]. The view factor is determined by the geometry only, while thiatdon factor also incorporates the
radiation properties.Theviewfactorgives the fraction of radiatih emitted byA,that is incident orA..

For two infinite parallel plates, or for a surfacddlly enclosed by the other surface, the view factor is 1: all
radiation emitted by one surface is incident on the other surface. For these two cases, the radiatioRdactor

simplifies to:

Parallel plates:  Fg,, =]/(]/ g Y. el)

Enclosed surface: Fp, = g £ (2.14)
For practical cases, Equation  (2.13) is commonly simplified:
Q=AFq, {1, ¥
=AFy, 92 (T, T,) Tae (B T.3/2 (2.15)

= Ayhrad (Ty -TZ ) hrad ERyz 4-§as:/g
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Q=AF, {1, ¥
=AFy, s(T, ®)(T,7 T#)T, T.)
= AFe, T35 (T, F.)
= Ayhg (Ty 'TZ)

v oari, =1, &,)(1,7 ®?)

avg

Y Tog :i/(Ty +TZ)(4Tyz i

=F,, 912

Ryz avg

h

rad

in whichhrag [W/(MZiK)] is the radiative surfadesat transfer coefficient, somewhat equieat to its convective
counterpart. As most building materials have emissivities of roughly 0.9, a standard valbedfcan be
obtained:

interior & exterior environment, all surface orientations 4.5W/(m?2IK)

Do however keep in mind that this is just an accepted standard values, which matg dgnongly for specific
applications. If your analysis is very sensitive to the value atttiativesurfaceheattransfer coefficient, then

' Y2NB O2NNBOG O2NNBtlFiA2y Aa G2 06S LWL ASRO ¢ KI
course.

2.3.7 LATENT HEAT TRANSFER

Latent heat moves along with a carrier, independent of tempemtutach time the camiexperiencesstate
change, related latent heat is converted into sensible heataw versa. For example, when water evaporates,

it absorbs a quantity of sensible heat equal to its latent heat of evaporation. Water vafusregii= transfer)

to a cooler spot, where it may condense with reemission of the latent heat of evaporation as sensible heat.
These conversions affect the temperature course as well as the flow of sensible heat in solid materials and
building parts.

Thetransport law for latent heat:

Q=A0cna L (2.16)

in whichgeond[kg/m?] is the condensation flow per m? of surface area. Condensation will yield a heat gain for
the surface, while evaporation will give a heat loss (can hencechedied by use of a negatigong.

17
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2.4 Steadystate onedimensional heat transmission

While most heat transfer processes are essentially transient, in many cases the ratio of conductivity over
capacity and the timescale involved allow making stestdye calculatins. In such situations the energy
content of the materials does not change img, inplying constant temperatures and heat flows.

2.4.1 SURFACE TRANSFERSRASCES

In many cases we will assume that latent heat transfer is insignificant, that no soktigads occurring and
that the convective and radiative temperatures of the environment are equal to the air temperatur€ifpae

23).
T T
Teonve - ‘ Teonve
Trade % \ ﬁ / Trade
Js / \ Qia

Qlat,e
L & S radiation L €{S) radiation
convection = = convection
latent |atent

Figure2.3 heat exchange between the exterior (left) and interior (right) environment and the surfaces of a buildi
component.

This will allow simplifying the heat exchange between an environment and the surface of a building eampon
significantly:

Ahconv,e (Tconv,e - Ty) _|Ahrad e (Trad,e -Fy) Q:Wﬁl" (2.17)
- A(hconv,e + hrad,e ) (Te _Ty ) @wall
- AR (T, -T,) B

AT T
R wall
se
Qwall = Ahconv,i (Tz _Tconv,i) Ahrad J (Tz Tr_ad,i)
T-T (2.18)
Qwall :Ahi (TZ _Ti) A ZR I

si

in whichhe and h; [W/(m?K)] are the external and internal surface heat transfer coefficichtand T; [K] are
the external and internal air temperatures, af and Rsi [m?K/W] are the external and internal dace
resistances. This implies that, under the accepted conditithe combined convectn and radiation between
an environment and a surface can be described as coratucti

Standard values for these surface transfer coefficients and resistances can be obtained by combining the earlier
standard values for convectiand radiation:
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hi or he Rei Or Ree
interior environment: vertical surface 8 W/(m3K) 0.125m?K/W
horizontal surface, flow up 10 W/(m?3K) 0.100m2K/W
horizontal surface, flow down 6 W/(m?K) 0.167m?K/W
exterior environment: all surfaceorientations 25 W/(m?3K) 0.040m2K/W

242W/ hat h{L¢9Q 21! ]

With the surface transfer resistances defined above, even siagkred walls are to be considered composite:

a combination of the exterior surface resistance, the conduction resistances ofdterial layer(s) and the
interior surface resistance. The elaboration below will not distinguish between material or surface resistances
at first, so it is applidale to various configurations.

Example: dayer wall
In steadystate, without heat sourcesr sinks, the heat flow rate in each layer must be thenea If not,

conservation of energy would yield temperature changes, reindethe regime timedependent. Suppose a
3-layer wall, with a temperaturdyon the left wall surface, ant, on the right wall surface (se€igure2.4).

-
;TZ
Q T
L
Lt 2
d, d, dsX R, R, R, R

Figure2.4 Temperature profile through alayer wall, in function of the coordinate (left) and the
resistance (right).

For the 3 layers we camrite:

T, -T R
— y 1 1
Q=A R, or T, - QK
T,-T R
Q=A lR 2 oo T, T, @KZ (219
2
T,-T R
=A2_2 or T, T =2
Q R, 2 T Q A

After summation of the righhand sides of equation (2.19), we obtain:
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T, -T,
Q=A—~* (2.20)
Rl + R2 -IRS
The higher the total thermal resistance of a wall, the lower its stesidie heat flow rate andhe better the
wall insulates. This is achieved by integrating a sufficiently thick insulation layer in th&wedthe energy
crisis (1973L979) and global warming (1983) such thermal insulation of all components of the building
envelope iseen as an efficient means to lower the energy congtion for heating of buildings.

Anexpresdy F2NJ GKS (GSYLISNI G§GdzZNBE LINBTFAES A yresdidaSfor#h® 2 Y LI2 a A
temperature differences over the different layers. This temgiure diference can, for example for the second

layer inFigure2.4, be obtained by inserting equation (2.20) into the second expression of equation

(2.19):

R,

- - 2.21
I?1 + RZ -|R3 ( )

T,-T, 4T, %)
This indicates that the layer with the largest resistance (commonly the insulation layer in a real component)
will experience the largest temperature difference. Summing EgnafR.21) with a similar equation for the
first layer, and some rearranging, yields:

R, +R,

B AN BRR R

(2.22)

The fraction at the end of Equation (2.22) can be described as: the ratio of the thek £ NBaAA &G yOS
0§KNRdzZZKQ FTNRBY (KBdzZWaM2 NK S S ISmuE ) tiiathermal resistance
0SGsSSy WwWaidl NI [ TyaRdT.SThése dorssiddralongd wibrdAbicalEty@es of problems: for single

layer wall between different erironments with known temperatures, for mulyer walls vith known surface

or interface temperatures, and all combinations of these cases.

Generalisation: muHayer wall

T T
FJ__J_L> -
Q / z
TZ. Tn—l T
T talzle n Tyt

Figure2.5 temperature profile through a mutayer wall, in function of the coordinate (left)
and the resistance (right).

Equations (2.20)and (2.22) can be generalized to mulayer walls:
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Q= A(Ty T, )/Ry_z (2.29)

T, =T, *(Tz Ty)Ry-x/ R, . (2.24)

in whichR.x and R [m?(K/W] are respectively the sum of resistances between interface y and x andtéhe to
resistance of the wall (between y and z thus).

At this point, looking to the analogy between Equations (2.23) and (2.24) and the equatns for an
electrical circuit with a series of electric resistances, is rather instructive. In fact, temperature replaces electric
tension, conductive heat flow the electric current and thermal resistance kbetrécal resistanceThis allows
converting a thermal problem to an electrical analogous problem.

Environment to environment:-Adalue
For the specific case of heat transfer through a component from one environment tempef@taanother

environment temperaturel;, Equatiors  (2.23)and (2.24) can explicity be written as:

AT, -T,)

Q= all AU (Te Ti) (2.25)

Rse + a d/ I Rsi

_ 1

V- al

Rse + a d/ l Rsi

X
RSE + a d/l
T, =Te "(Ti Te) all
Re +a d/ I+R, (2.26)

inwhichUW/maY 8 A& (KS & KS Nvalue, of tRé cynsidered dornpgrd Adakje BaNi |
thus indicates aadly insulated component, with a high heat loss, while lowalliles characterise well
insulated components, with resultantly lower heat losses.
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3 AIR, MOISTURE ANDTNRIALS

This chapter serves as an introduction to mass transfer part of the heat assl tnaasfer theory. The focus is
on the moisture storage in air and materials and setting up mass balance for building zones.

There are three forms of moisturgapor, liquid and ice.

In building applicationsyaporis stored in air and liquid is storéed materials. The mass transfer takes place
either asvaporor as liquid Ice is not considered transferable.

Moisture is found everywhere. In building physics applications the sources for majstarenoisture loadsg
are typically grouped as

9 Builtin moisture: New buildings, especially ones witksiiln- casted concrete, contain large amounts
of moisture, which must be dried out before finalizing the constructions e.g. with paint or floor
covering.

1 Internal sources: Human activity in buildingnakes an important share of the moisture loads,
especially in residential buildings. A typical family produces about 10 kg/day as a result of domestic
activities like laundry drying, showering,

cooking, breathing and evaporation from plants

1 External sarces: Wind driven rain anglapor exchange with external weather is another main
contributor for moisture loads. These depend highly on the local environment and climate, and on the
type of construction.

1 Water leakages: Leaky pipes and other accidentsiimg moisture, including rising damp, can be
significant sources of moisture

One of the purposes of building physics engineering is to avoid to loigtoo low¢ moisture loads on indoor
air and building materials and constructions.

3.1 Conservation of mass

Analogous to theory of conservation of energy, there is a theory of conservation of ktiabsi{ Lomonosov,
1748. For moisture in an open system this means that the amount of moisture stored in tieendyk stored

[kg] must be equal to the differex® between the moisture amount added to the systéfw,in [kg] and the

moisture amount taken from the systeMm,out [KQ].

Mm,stored =ad |\/lm,in - aMm,out (1)

Mm moisture mass [kg]
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infout entering/leaving

The rate of moisture mass transfer is given by

de,stored /dt = a. Gm,in - aGm,out (3:2)

Gn moisture flow [kg/s]
t time [s]

This epression forms the basis of all moisture transfer analyBigtous building materials and air contain
moisture and can therefore store moisture. Moisture transfer can take place in air, between zones, through
materials, constructions and components.additian, building materials interact with the moisture in air. By
relating storage and flow to moisture contents in air and materials, we can assess moisture response of whole
buildings and building components

In many cases, we can limit ourselves to a statigg 2 NJ YAGyARYSSLISqEiIRI&ighiiiwhich all amounts
of stored and transported moisture remain constant. In that case, the time derivative in Eqat&yn
becomes zero, and the standard moisture balance equation is obtained:

dm /dt =0 (33)

m,stored

a Gm,in - é.Gm,out = O Y a Gm,in = aGm,out

(3.4

3.2 Moisture storage in air

Moisture in air is moisture in gas phase, i.e. watgpor, in the following text simplyapor. Vaporcontent in

air, vapormassMy [kg], in given volum& [m?], is given by th@apordensityr, [kg/m3] that again is a function
of vaporpressurepy [Pa] and temperaturdl [K]. Due to ideal gas lawapor pressure is the thermodynamic
equivalent forvapormass. This relation is analogous to temperature that isttaelynamic equivalent for heat.

\

M, =V,r,(p, T) where r, 3,/RT and R, =462J/(kg K) (3.5)

mass [kg]

volume [m3]

density [kg/m3]
p pressure [Pa]

R gas constant [J/(kH)]
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T temperature [K]
alv for air/vapor

An alternative expression fafapordensity is the watevaporratio x [-]: Ratio ofvapordensity to air density
ra[kg/m3]

X, = G/ o (3.6)

Different from heat, i.e. temperaturejapor pressure has an upper limit. This upper limit is called saturation
vapor pressurepy,s [Pa] and it is strongly a function of temperature. For a given temperature, air can only
contain certain amount ofaporand this amount determines the saturatioraporpressure.

Saturation is a state where there is an equilibrium for evaporation and condensktgure3.1 illustrates an
example on saturation: A closed vessel is partially filled with water and initially there@poopresent. Water
molecules start to escape from water surface. This leads to higiq@or pressure above the water. This can
continue unti number of escape molecules and return molecules is the spamel this is saturation.

AT

mol ec escape escape
escape mol ecu mol ecu
| 1 qui d return retur

surface molecul esmol ecu
Y Y Y
pr es syu pr es syu satur a

Figure3.1 Saturation process in a closed vessel partially filled with water and initiallyaporpresent.
C2NJ AYONBFaAYy3 GSYLISNI GdzNBaz GKSNB Aa Y2NB FdG2YAO
saturaion vapor pressure for higher temperatures. There are several expressions for this temperature
dependence, and the below one is a common expression in hygrothermal building physics. Table values are
found in the end of this chapter.

_ 4 \8.02
=288.68(1.098 +"—
Pysat (@) ( 100)
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(3.7

where’ is temperature [°C].

Relative humidity [-] describes the ratio of actuahporpressurepy [Pa] and the saturatiomaporpressure
pvsat[Pa], for given temperature.

-/ =Py / Pysat (398
p pressure [Pa]
relative humidity f],[%]
visat vaporsaturation

Temperature dependence of both saturatigaporpressure and relative humidity is illustratedrigure3.2.

4000

T

& 3000

B Vz

-}
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—
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temperature[ ° C]

Figure3.2 Watervaporpressure as a function of temperature. AlsgRit¢al processes are shown.
Two typical processes in buildings are showRigure3.2:

1. Vaporis added to air without change of temperature. This is called an isothermal change of state. An
example isvapor production in a room, e.g. cooking, that adds aporin the air and esults to a
higher relative humidity (for example from 40% to 60%) of the indoor air.
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2. Temperature is changed without addimgpor. This is an isobaric change of state. An example is humid
air (here 60%) meeting a cold surface, e.g. a window glass. tétigerature of the cold surface is
lower than dew point of the humid air, condensation occurs.

3.3 Moisture storage in materials

Porous building materials contain moisture. Moisture in the pores of a porous material can exist either
adsorbed to the surface, @hysically fixed in pores, or as free water, s&gure3.3b, which also illustrates the
moisture content for increasing relative humidity. Some water can also &micially bound with the material
itself. The amount of hygroscopic moisture depends on relative humidity of the pore air and on the porosity of
the material. Also type of poresopen or closed, seleigure3.3a¢b and the pore size distribution are governing

the moisture content of the material. Fifgorous materials have larger inner pore surface area and can
therefore contain larger amounts of ggoscopic moisture than largeorous materials.

b)
.
= Capillary regime
;@ Moisture is taken up with suction ,
= from condensation , built -in
P e moisture , etc
¥ 9]
IS
LA 3
o . .
% Hygroscopic regime
g Moisture is taken up from air
solid closed pore
0 100
open pore . o
a) Relative humidity [%)]

Figure 3.3 Different pore types in a porous material. b) Sorption isotherm with illustration of fixation of moisture a:
function of relative humidity.

I YFGSNRIEQa FoAtAGe G2 adG2NB Y2AaddaNB A& SELISNAYS)
mathematically described as the equation(s) of state. These isotherms together are called the retention curve.

In this chapter only hygroscopic moisture (i.e. Ri498%) and sorption isotherms are presented. More about

liquid moisture and especially liquid msture transport in porous materials in the later lecture in this course.

In the hygroscopic regime, the sorption isotherm represents the moisture content of the matgkigkg] or
w [kg/m?] as a function of relative humidityFigure3.3b). Different materials have very different sorption
isotherms (sedigure3.4).

Moisture content is determined from the weight of moist samphes.ist [kg] and from their dry weightnary

[kg]. This difference gives mass of moistome[kg]. Volumetric moisture conterw is often most suitable for
compaison of different materials.
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(3.9)
r-ndry rniry
w=u 0., (3.10)
ceramic brick _ ceramic brick
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Figure 3.4 Sorption isotherm for some different building materials.

When determining sorption isotherms, different results are obtained for wgttirsample and drying a sample.
This difference is called hysteresis and is explainesbloalled bottle neck effect. See illustratiorFigure3.5.

relative humidity [%]

— - - adsorption cement mortar
% 100 |~ desorption cement mortar
=
= Desorption
2 drying ) ’
§ \
L 50 A
=}
7
o
E_ Adsorption
T>> _____ —= - (wetting )

0 e ‘ ‘

0% 20% 40% 60% 80% 100%

Figure 3.5 Adsorption and desorption isotherms for cement mortar. lllustration of hysteresis process.

3.4 Moisture transport in air (& materials)

There are different modes of moisture transport in air and materials and constructions. The modes of transport

are dependiig on the medium itself and if the moisture isviaporor in a liquid phase. There is no transfer of
ice.Table3.1 gives a summary of these transfer forms, their imhdvforces and in which cases they are relevant.

27



DTU Byg Course 11122 Heat and mass transfer in buildings

Vapordiffusion and capillary liquid transfer will be treated separately and more in depth later in this course
and are not a subject in this chapter.

Table 3.1 Modes of moisture transfer.

Transfer mode Medium Driving force

ADVECTION with fluid & solid Transfer of mass

DIFFUSION through fluid & solid Differences invaporconcentration
Vapor Local micro-diffusion and-advection

CONVECTION between surface and flui¢ between a surface and fluid
'It_rlz?#;?er CAPILLARY through porous solids Capillary suction in material pores

3.4.1 ADVECTION

Advection is transfer ofaporwith a fluid, e.g. with an air flo®, [kg/s], where the storedapormassx, [kg/kg]
is transferred and results waporflow G, [kg/s].

G G, p
G, =G =2 r = ,
v aXy r, Y L RT (3.11)
G advectivevaporflow [kg/s]
Xy water vaporratio [kg/kg]

alv for air/for vapor

Typical example for advection in building physics is ventilation: Dry exterior air comes in and moist interior air
goes out resulting in net loss wApormass. This is illustrated more in the next chapter about moisture balance
for zones. Advection is alsthe transport form when moisture is transported through materials and
components with an air flow. More about this in chapter 7. Air transfer.

3.4.2 CONVECTION

Convectivevapor transfer is also transfer of moisture with flugdas advectiong but when talkingabout
convection, we think about local micdiffusion and-advection between a surface and fluid, deigure3.6.
Typical examples for convection inuildings arevapor exchange between interior/exterior air and
interior/exterior surfaces. The convective vapor fl@arkg/s] is given with equation, where[kg/(mZsiPa)] is
the convectivevapor transfer coefficient andoy,; and pvy are vapor pressure [Pa] for fluid and surface,
respectivelyAis the surface area [m?].
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G, :Ab(pV’y -p\,’z) (3.12) pv,z'

Figure 3.6 Convective moisture transfer between fluid and a surface.

The convectivevapor transfer coefficient depends on the same parameters as convective heat transfer
coefficient (see Lecture note 2. Heat transfer) and is related to it via Lewis relation:

h
b = —C 3.13
R, & /Oc, e
where
he convective heat transfer coefficient [W/@q)]

air density [kg/nd]
Go specific heat capacity of air [J/{kg]

Standard values fof can be used for most common building applicas, for interior and exterior
environments, respectively:

b [kg/(m2AARa)]
Interior environment: natural convection 2-108
Exterior environment: forced convection 15-108

3.5 Moisture balance for zones

In hygrothermal building physicae often need to find the resulting state of air in a zone or in a component.
In a real lifethis state is ever changing and for solving it we need to apply transient methods which usually
means applying numerical methods. This is a subject later icdlise. However, many cases can be studied
with simple steady state balancds. addition learning to set up such heat and moisture balances is essential
for understanding the concept of building physical diagnosis and design methods.

Given a space aonstant temperatureT; [°C] with a moisture productio®y, [kg/s] like inFigure3.7, we can
determine the resulting indoor relative humidity [%], if we know the ventilation rat€, [kg/s] and the state
of the outdoor air Te [°C] and. ¢[%]). If not considering the moistel or heat capacity of the air or building
materials and if only considering a steady state case, a moisture balance for a zone is given as
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Gv in
T —>GV’OUt Gv,in +va :Gv,out (3.14)
Gy
P

Where G, [kg/s] is the ventilation air flow rate arnxi e [-] andx,,i[-] are water vapor ratios for exterior air and
interior air, respectively.

Gv’in =X, .G

v.e—a

(3.15)
Gv,out = Xv,iGa

Figure 3.7 Moisture balance for a zone.
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3.6 Tables for saturatedaporpressure

6 (C) | 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0 611 615 620 624 629 634 638 643 647 652
1 657 662 666 671 676 681 686 691 696 701
2 706 711 716 721 726 731 736 742 747 752
3 758 763 768 774 779 785 790 796 802 807
4 813 819 824 830 836 842 848 854 860 866
5 872 878 884 890 896 903 909 915 922 928
6 935 941 948 954 961 967 974 981 987 994
7 1001 1008 1015 1022 1029 1036 1043 1050 1057 1065
8 1072 1079 1087 1094 1101 1109 1117 1124 1132 1139
9 1147 1155 1163 1171 1178 1186 1194 1203 1211 1219
10 1227 1235 1243 1252 1260 1269 1277 1286 1294 1303
11 1312 1320 1329 1338 1347 1356 1365 1374 1383 1392
12 1401 1411 1420 1429 1439 1448 1458 1467 1477 1487
13 1497 1506 1516 1526 1536 1546 1556 1566 1577 1587

14 1597 1608 1618 1629 1639 1650 1661 1671 1682 1693
15 1704 1715 1726 1737 1748 1760 1771 1782 1794 1805
16 1817 1829 1840 1852 1864 1876 1888 1900 1912 1924
17 1936 1949 1961 1973 1986 1999 2011 2024 2037 2050
18 2063 2076 2089 2102 2115 2128 2142 2155 2169 2182
19 2196 2210 2224 2237 2251 2265 2280 2294 2308 2322
20 2337 2351 2366 2381 2395 2410 2425 2440 2455 2470
21 2486 2501 2516 2532 2547 2563 2579 2595 2611 2627
22 2643 2659 2675 2691 2708 2724 2741 2758 2774 2791
23 2808 2825 2842 2859 2877 2894 2912 2929 2947 2965
24 2983 3001 3019 3037 3055 3073 3092 3110 3129 3148
25 3166 3185 3204 3224 3243 3262 3281 3301 3321 3340
26 3360 3380 3400 3420 3440 3461 3481 3502 3522 3543
27 3564 3585 3606 3627 3649 3670 3692 3713 3735 3757
28 3779 3801 3823 3845 3868 3890 3913 3935 3958 3981
29 4004 4028 4051 4074 4098 4122 4145 4169 4193 4218
30 4242 4266 4291 4315 4340 4365 4390 4415 4440 44066
31 4491 4517 4543 4569 4595 4621 4647 4673 4700 4727
32 4753 4780 4807 4835 4862 4889 4917 4945 4973 5001
33 5029 5057 5085 5114 5143 5171 5200 5229 5259 5288
34 5318 5347 5377 5407 5437 5467 5498 5528 5559 5590
35 5621 5652 5683 5715 5746 5778 5810 5842 5874 5907
36 5939 5972 6004 6037 6071 6104 6137 6171 6205 6239
37 6273 6307 6341 6376 06410 6445 06480 6516 6551 6587
38 6622 6658 6694 6730 6767 6803 6840 6877 6914 6951
39 6989 7026 7064 7102 7140 7178 7217 7255 7294 7333
40 7372 7412 7451 7491 7531 7571 7611 7652 7692 7733
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4 VAPORIFFUSION

Moisture transfer in porous media involves a complex interaction of different transport mechanisms, their
driving forces, and the effects of available capacity and possible temperature gradients. This chapter introduces
one of them: watewvapordiffusion.

Diffusive transport is proportional to the gradient of the driving force, the proportionality coefficient being a
material parameter which is determined experimentally.

Typical examples for diffusion in buildings are:

9 vaportransfer in and out from buiidg materials, also called moisture buffering
9 internal condensation caused hapor diffusing in materials and condensing when reaching low
temperature regions

In this lecture we learn how to calculate moisture transfer as diffusion and how to evaluateeifstitial
condensation in composite walls will be a problem.

4.1 FicKlaw

o

=

=3

Figure4.1 Liquid diffusion in water.

CKS2NE 2y Y2Aa0Gdz2NBE GNIyalLR2NI Ay LR2NRBdza YFOGSNRFfa A&
(Fick, 1855), seigured.1® Ly K@ INBGKSNXIFf o0dzAf RAY3a LIKe&aarodazr CAO]C
(watervapor) in air and in porous materialBiffusion is driven by differenceswmaporconcentration and lead

to net vaportransfer. Figure4.2 illustrates diffusion process: molecules diffuse from high concentration to

lower concentration. This process is active until equilibrium is reached.
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(1) ;- .

o [

G |- - " et

Figure4.2: Illustration of the diffusion process. (1) Two different gasses are in a vessel separated by a wall. (2) The wall
between the gasses is removed and for t>0 the gas molecule start to diffuse towards lower concentra{i®dnthat# is
equilibrium in a vessel with no concentration gradients.

CAO1Qa fl g F2NI RAFFdzAAZ2Y Ay & A tvapork, fkiyinchad dridng §oi8eNT £ £ & =

g, =-a,—~ (4.1)

Where gy [kg/(m?s)] is the density ofapor transport in air anda, [m2/s] the diffusivity of watewvaporin
stagnant air.

By applying the ideal gas law and assuming isothermal conditionsafia diffusion can be exgssed with
the vaporpressure as driving force, see below both the differential form and the discretized form. For the latter
seealsFigured3® Ly (GKA& O2dzZNES |YyR Ay Ylye& LN OGAOFE I LILX A

g, = o (4.2) G, =AgP (B MR _ 5 9By
2 v dx dx
Where
Gv vaporflow [kg/s] pv A
d vaporLISNXY S oAt Ale o] d
pv: vaporpressure [Pa] \L G I ax
X: coordinate [m] Y/
A surface area [m?]

@
p,+dp,
Figure4.3: I'l'lTustration of

The density of watevapor ry [kg/m3] and watervaporpressurepy [Pa] have the following relationship
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p

r, = ———
V. R, O

(4.3)

Vaporpermeability in airch @ |1 3 K 60 Y9 déperdihgioh the temperatur€[K] and total gas pressulfe[Pa]

and increases for increasing temperature and decreases for increasing total gas pressure and has the below
expression. At 20 °C and at sea level pressure a standard value can be usedM.83 k 6 Y R & the das) P
constant forvapor[J/(kgK)].

22628 T §

*"RT ®&7315 ¢

(4.4)

4.2 Vaporpermeability of materials

The diffusion of watewaporin a porous material can be regarded as diffusion in air, but with reductions
0SOFdzaS 2F (KS LBRNBX aeadasSyz FyR Aa GKSNBT2NB | Fdzy
explained below. Watevapor diffusion through some fibrous insulatianaterials with very low density is

practically equal to diffusion in still air.

Diffusion of watewaporin porous materials takes place in the pore volume. If a material has very narrow pores,
the vapormolecules collide with the pore walls. This procsssalled Knudsen diffusion. Seigure4.4 for an

illustration.
1 porosity: vaporcan only flow in open pores of materials,
high porosity gives normally high pernmlity
i tortuousity: in a pore system with high turtuousityaporhas to take

tortuous path, decreasing the permeability

Practical average values of some typical building materials are givelied.1.

Figure4.4: Illustration ofvapordiffusion through a porous material. The longer (tortuous) path@ormolecule needs to
take, the lower the permeabilityThe enlargement shows a path of@pormolecule in a very narrow pore, where it collides
with the pore walls. This process is so called Knudsen diffusion.
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Table4.1 Vapor permeability of some typical building materials.

) Vapor permeability d

Material -10 T
[10 kg/ Pa)As

still air 1.9
mineral wool 0.7-1.9
cellular concrete 0.3
gypsum board 0.2
ceramic brick 0.1
exp. polystyrene 0.1
High dens. Concret: 0.02
wood 0.02

cCAO1Qa fl g Oy I|faz2 oS Shguieksaaid R thigkgess ol [m]MahdvapMA + £ £ |
permeabilityd] Ik 0 Yi &7 t | O 8vépordiBusioh yediNERCE finésRaykd] anid/aporpressures on

each surface of the layet pvy and pv; respectivelycthe following equation for diffusion flov, [kg/s] is

obtained.

Py A
‘,y
P,y - P P, -p d
G, =Ag—L 2 Ay E. 7 =— 45
‘LGV d v d z d (4-9)
®
pvz Where

Z: diffusion resistance [m2sPa/kg]

Figure4.5: lllustration ofvapordiffusion d: thickness [m]
through a material layer with thickness d.

The above relations and expressions are valid with following conditions:

i stationary: no changes abv,y, ,d with time

M onedimensional: vaportransfer normal to surface

i constant properties: no changes of d with thickness

1 no mass generation: no internal moisture source or sink

When assuming constant parameters the above equation results in Imeaofiles through a material layer.
ltiswe NI Kg KAET S YSy il A2 ywapgfA TKdzAIA £ O Dal Y162 F2ded (2 C2 dzNR

QA G, for flow

TA pyfor driving force

<A dfor material parameter
RA Zfor resistance

Vaporpermeability or diffusion resistance of a material layer can also be given with other notations. The most
common are:
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Table4.2 Also used notations fovaporpermeability and diffusion resistance.

Vaporresistance factor e [-] Material ise times morevaportight than air
Equivalent air layer thickness s [m] Gives a thickness of stagnant air that has the sz
Z

They are defined as:

m=—2 Sy =M (4.6)

d mat

mat

Even though diffusion is pure diffusion of wat@pormolecules in air, we also talk about diffusion when there

is small amount of liquid transfer involved in thaportransfer process. The fact is that for increasing relative
humidity, the moisture content of a porous material increases and in the smallest pores capillary condensation
starts to take placeFigure 4.6 illustrates how watervapor permeability increases for increasing relative
humidity and how this is explained with increasing moisture content for increasing relative humidity. The
higher permeability at higher moistumntent is due to combination efaporand liquid transfer, which speeds

the transfer up. This is called equivalent diffusion.

For experimentally determinedapor permeabilities (the values ifiable4.1) it is not possible to distinguish
betweenvaporand liquid transfer. Correctly these values should be caltpdvalentvapor permeabilitybut
they are just calledaporpermeability

" \ﬂ)«:v I
L& ‘
I t {51072
~ o . dcement mortar |
50 % 100% G

Figure4.6: Watervaporpermeability and moisture content of cement mortar as a function of relative humidity.

Note: The first few molecular layers of water, which are absorbed to the pore wallRfpvare so tightly
FGGNF OGSR G2 GKS a2t AR YIFGSNRIE G(KFG GKS&@ 0SKIF@S Y21
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4.3 Vapordiffusion through multilayer constructions

For practical applications in hygrothermal building physics, we often need to sapaytransferin multilayer
constructions, also called composite walls. The following description is analogous to heat transfer through a
composite wall described in lecture note 2. Heat transfer.

Py P
' le P
Py,
Puy Puyta 2
d, dy dy X L Z £
a) b)

Figure4.7: Composite wall with 3 material layers. Figure shoveporflow Gv andvaporpressure profile as a function of a)
thickness of the layers and baporresistance.

Given layer 1 ifrigure4.7 with diffusion resistancé,;, vaporflow G, andvaporpressuregvyandp,i> 0 KS CA 01 Q
law can be expressed as:

szl = A(pv,y _pv,l) (4-7)
Setting up similar balances for all 3 layers and summing them up, the following expression is found that

describesraporflow through a multilayered construction.

A -
G, = AlPyy - Pus) s
Zl + ZZ -|Z3

Assuming linearity of thgapor pressure profile as ifigure4.7b, vaporpressure e.g. in the intersection of
layer 2 and 3 can be found with

— Zl + ZZ
pv,2 pv,y -i(pv,z pv,y ) Zl + 22 "23 (4-9)

Vaporpressure in any intersection can be found with

P.x =Py ¥P,., PB,)AZ;/ aZ; (4.10)
j=1 n
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When analyzingapordiffusion through a composite wall with given conditions of both interior and exterior
environment, one must keep in mind whether the conditions are for the ambient air or for the surface. If the
conditions are given for the aip{yandpy,7, surface tansfer coefficientZyand Z; must be included and the
resultingvapordiffusion flow becomes:

_ A(pv,y - pv,z)
v T all (4.11)
z,+adld 2,

Surface resistances:

> —
1 p Z = a1 yd -1
GV ‘/ pV,Z . by sz o (4.12)
pv,n-l
Pvz | Wherebis surface transfer coefficient fwapor

Poi ,///////;/) [Kg/(m?sPa)]

p 0/.
vy

Z

N
D~

sy ZZ ZSZ Z

Figure4.8: Composite wall with rmaterial layers.

4.4 Glaser method

Calculation of moisture diffusion through raulti-layered construction under steaestate conditions (see

previous chapter) has been widely used as a design method to assess and avoid internal condensation in real
fATS SyaAySSNRAy3 GlFraltad ¢KAA YSiK2Rroduged B H.iGla&eRn 4 KS W
MppnQa FT2NJ FaasSaayvySyd 2F grftfta Ay O2yial Ot sAlGK O2fR

The Glaser method is describeddN ISO 13788nd contains these calculation steps:

calculate the temperature profile in construction

calculate the profile of saratedvaporpressure (based on temperature profile)

calculate the profile of actualaporpressure in construction

check whethewaporpressures < saturategaporpressures
M . 9{Y y2 AYOiGSNBRUGAGAIT O2yRSyaliAizy
M bhY AYGSNEGAGokdut O2yRSyalGdAz2y GAff

5. insert condensation planes and corre@porpressure profile

6. calculate condensation flows and/or dimensieaporbarriers

PobpE

The purpose of the method is to find out if and where there exists a condensation risk under typical worst case
climatic conditons during winter, and if yes, then also to find out if the construction has a necessary drying
potential during summer.
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In a design phase, the Glaser method can be used to improve a construction, i.e. to find a solution where no
interstitial condensatia will occur. Furthermore, the Glaser methods can also be used to assess if there is risk
for mold growth somewhere in the construction, i.e. RH > 80% and when temperature > 0° C.

4.4.1 LIMITATIONS OF METHO

The Glaser method is rather simplified sincesita steady state method. Therefore, when calculating the
condensation risk of a construction it is assumed that the construction for "infinite” time has been subjected

to the same climatic conditions. The moisture capacity of the building materials nsidered. Also, only
vaporRAFFdzaA2y Aa O2yAARSNBR Fa Y2Aa0G§dz2NBE Tt 2vdporYSOKI y A
permeability are assumed.

These issues causes the Glaser method to give a conservative estimate of condensation risk. Aoré theref
more advanced analysis with transient numerical simulation is normally required.

4.4.2 BOUNDARY CONDITIONS

According to the standarBN 1SO 13788 onthly averaged air temperatures andpor pressures are used as
internal and external boundary conditions. Mbity values for normative Danish outdoor and indoor
conditions are given ifable4.3. Indoor conditions are divided in the actual moisture load classes. Other values
may be used if the conditions are expected to differ significantly from the given description.

Table4.3: Monthly values for Danish outdoor and indoor climate. Indoor relative humidity is given as limits between indoor
moisture load classes3 (SBI Anvisning 224)

Outdoor Indoor
Month Temperature Relative  Temperature Relative humidity
humidity
[°C] [%0] [°C] 1-2[%] 2-3[%] 34[%] 45][%]

January -0,6 94 20 35 46 58 69
February -1,1 91 20 35 46 58 69
March 2,6 91 20 39 49 58 69
April 6,6 82 20 45 53 58 69
May 10,6 78 20 50 56 60 69
June 15,7 67 22 55 59 64 69
July 16,4 74 23 59 62 66 69
August 16,7 71 23 61 64 66 69
September 13,7 85 22 58 62 65 69
October 9,2 87 20 51 57 63 69
November 50 91 20 45 53 61 69
December 1,6 88 20 38 49 59 69

Moisture load classes are defined according to the use of buildings, with respect to moisture production
intensity indoors, se€igure4.9 for amount of moisture supply to indoor air in gfm
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The low classes are the ones with no or very little moisture production compared to air volume of the building
YR GKS KAIK OflraasSa KIF@S Soaod AydSyidptigdSarel YRk 2N aY2;

Dry warehouses, sports halls without audience, factories without moisture production
Dwellings with normal occupant rate, offices, shops

Dwellings with unknown occupant rate, sport halls with audience

Industrial kitchens, cantinas, battoms and dressing rooms

Special buildings, e.g. laundries, breweries, indoor swimming pools

agrwnE

10

Moisture supply to indoor air [g/m?3]

-5 0 5 10 15 20 25
Monthly average exterior temperature [°C]

Figure4.9: lllustration of moisture supply to indoor air as a function of exterior temperature for the different moisture load
classes.
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5 MOISTURE TRANSFERORES

This lecture note introduces liquid moisture. Sq f@e have been dealing with heat, air anapor. As already
discussed, the pores size and the pore structure have a great influence on the storage and transgotiggrop

of materials. In order to be able to set up models for storage and transport we need to simplify the real
materials:

1. First we are looking at a single pore that is simplified to a capillary tube.
2. Secondlythese single pores are set togetheradundle of capillary tubes.
3. Finally, we are describing the materials on material level.

The focus in this chapter is on liquid moisture storage and liquid moisture transfasrersize levelBoth as
a single pore and as a buned&tubes.

The phenomenaf capillarity and capillary pressure in pores and their effects on moisture transfer and storage
in pores are introduced. Next chapter will deal with the liquid moisture storage and transfer on material level.

5.1 Introduction

In many cases, liquid transfes the dominant mechanism for transport of moisture in materials and in building
components. Phenomena like rising damp and driving rain can only bezashaen involving the theory for

liquid moisture. Speciallyrom the durability and health pointfosiew, liquid moisture has a significant effect

on the resulting HAM states in building components. For certain but very common building materials, like brick
and wood, the liquid moisture storage and/or transfer can result in very high moisture corgedtthus to
malfunction of the constructions and buildings. Thus understanding these phenomena is essential.

In chapter 3 we learned about moisture storage in air and materials. These were explained basgubion
content andvapor pressure. Moisture strage in materials was expressed as a sorption isotherm and the
moisture mass could be expressed like:

rnl = mmatu (pv 'T) 5‘-'/matrmatu (pv’T) (5.1)

mass [kg]
volume [m3]

M
V.
p: pressure [Pa]
T: temperature [K] of°C]
u

moisture content [kg/kg]

mat; for material
vi for vapor
K: for liquid
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Sorption isotherm is the description of the moisture storage in the hygroscopic range, typically up to 95% RH.
The moisture in material is both vapor and liquighhase, thevaporphase being nearly negligible. However,
the moisture originates frorwaporin air, which is the definition of the hygroscopic moisture.

Therefore, foRH> 95% and even for low&H depending on the material pore structure, there is a dominant
part of the moisture mass that is stored due to a liquid phenomenon: capillarity.n\Vieking at the full
material porosity, the sorption isotherm describes only a limited part of the porosity and needs extension.

5.2 Capillarity and capillary pressure
,2dz Oy 20aSNBS OIFLMATEINE NRASSES gKSyYy edriingudiSmpes | G SNJ

towel and rise of water in capillary tubes (deigure5.1).
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Figure5.1 examples on capillary rise.

To explain this, we look at the forces between water, air and material surface, see Figure 2. Water molecules
are polar molecules. Deep in the water they attract each othéhris is internal cohesioq and there is no
resultant force. If a water molecule is at the liquid surface to air, the cohesion to water is higher than the
attraction to air. To separate a surface water molecule from the liquid work is needed. The water surface
behaves as an elastic sheet. This energgdiffice per surface unit is called surface energy, but it is normally

in this context given as surface tensiofN/m].

air
wat

meniscus
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Figure5.2 left: Cohesion forces near the surface and in the wateght: Forces around a meniscus in an ideal capillar
poreconvection over a flat surface, with the velocity and thermal boundary layers.

Surface tension is a function of temperature. Fot@®0has a valué = 72.5-1¢ N/m.

s =(122.3 0.17T) 1G°N/m

(5.2)

surface tension [N/m]

contact angle
T temperature [K]

When the water in a material pore is in contact with the pore wall, a meniscus is created (See Figure 2 right).

L¥ GKS FRKSaAzy G2 (GKS g1ttt Aa KAIKSNI GKIYy GKS Fdd
meniscus with a contact angle< 90° and a pore wall is called hydrophilic. If the adhesion to the wall is lower

than the attraction to air, a contact angle> 90 ° is created and a pore wall is called hydrophobic.

For open water surface, liquid pressyseand gas pressurgy are equal,see below table, left. For liquid in a
capillary pore, the capillary action gives under or over pressure in the liquid, see below table, right. This

pressure difference, capillary pressuyngis called suction. This capillary pressure increases for asagpore
radius.

Open water surface Capillary meniscus
Surface area = A Surface area = ~A

L S .,
2 L VL

RRRRRRERE EEENEEEETY

Ap, - Apg =) (5.3) pr2p| +2 GOS( )Q‘ rng] a (5.4)

P -py (5.5) P - Py P 225 C0s ¢ ::OS g (5.6)

Figure5.3 capillary principals described mathematically.
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r: pore radius [m]

P liquid pressure [Pa]
Pg: gas pressure [Pa]

pc: capillary pressure [Pa]

The acting forces for liquid transfer in a
capillary are given in Figure 5.4:

1 Capillary pressure difference

9 Friction to pore wall

1 Gravity

Figure5.4 forces involved in a water filled capillary.

5.3 Single pore

Analysis of the liquid transfer is started with transfer in a single pore. Two cases are studied: a horizontal pore
and a vertical pore. Faractical applications, rain absorption by a capillary active exterior finish, like brick wall,

is described by transfer in horizontal pore, while rising damp in a foundation is described by a transfer in a
vertical pore.

dx/dt

Figure 5.5 transfer in a horizontal pore.

The forces involved in water absorption in a capillary in absence of gravity are capillary pressure and friction.
The resulting balance is

_friction
< pr? (5.7)

To quantify the friction, the HageRoiseuille law is applied for a fully filled pore, see figure and equations

below:
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L

romt < >
G = - (6.8)
| 8/7;7'. (pl Yy pl ,z)
friction =
. G 8mL G
friction = pr? - 22T (6o 8p — = 5.10
P (pl,y pl,z) » pr4 r (6.9) mprz r (5.10
8p M ux/ 1
Figure5.6 the HagenrPoiseuille law is applied for a fully filled pore to quantify the friction.
Where:
X: coordinate [m]
t: time [s]
pc: capillary pressure [Pa]
r: pore radius [m]
px: liquid pressure [Pa]
G¢ liquid flow[kg/s]
K liquid density [kg/m?3]
>y lig. dynamic viscosity [Pa/s]
L pore length [m]
By inserting expressions fpgand friction, we get:
2s cos g_8p mpx/ |

Resulting equation for the development of the water fronddt and solution of it for time t is given below,
where B [m/s®9 is the water penetration coefficient.

dx _2rscos g

W 8 mx (5.12)
_|rscos g
X= 2 \/{ :B\/E (5.13)
m
B: water penetrationcoefficient [m/$9]

By multiplying both sides of the last equation with the water density, we get the absorbed watégm?2]:
m, =r,BJt At (5.14)

A capillary water absorption coefficient [kg/(s¥®)]
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The horizontal capillary water absorption goes on until the pore ends. In practical applications this means e.g.
absorbed rain water on a brick to the inner side of the brick. Once the meniscus reaches the other end of the
pore, the meniscus surface straigns outs and suction becomes zero. Capillary absorption is therefore not
the reason for water running down in cavity of the cavity wall, but external forces like wind pressure are.

While friction is independent of the pore radius, the pore diameterdramfluence on the penetration speed:
For increasing r, the driving force grows. Thus the quickest filling takes place for the largest pore.

Transfer in a vertical pore

Capillary transport in a vertical pore is under influence of gravity. There is enalda@ight for vertical capillary
riseXmax[M], given by equations 9.101. This height is inversely proportional to the pore radius: Materials with
small pores have higher capillary rise than materials with large pores.

- _25c0s g gravzity ,ofxmazx 9 615
r or )’
Xmax Xmax = ZSC—OSq (5.16)
rgr '
1
= Xpax T r (5.17)

Figure5.7 capillary transport in a vertical pore.

Where:

K liquid density [kg/m?3]
o gravity acceleration [m/s?]
xmax.  height capillary rise in pore [m]

5.4 Bundle of tubes

Porous materials are in this chapter idealised with the buudiibes representation: We go from single pore
representation to bundleof-tubes. Number of pores with a given raditsre proportional to volume of;
pores in material, see ! [ A . Length of the pores is dx and pores are assumed to be fully filled
with air or water.
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Figure5.8 bundleof-tubes representation of a porous material with pores with radius,r

Ly SEFYLX S 2F NBLINBaSyll GA-afyibesis given béldw2Ony dadifferynk por® N | £ £
radii are usedtR SEONA O6S o RAFTFSNBY(OG YFIGSNRFfta gAGK FEf wn 202
chapter to illustrate liquid moisture in pores.

Table5.1 representation of different "porous material”.

A Mortar 20 % porosity with r =108 m
B Brick 20 % porosity with r = 10® m
C AMortar 10 % porosity withr=10%m

10 % porosity with r = 10°% m

Figure59 3 di fferent fAmaterial so: A i s hdsiamik. por ou:
Pore filling

Pores can be filled by contact with liquid water (= Direct pore filling, as described earlier in this chapter) or/and
by contact with humid air (= Indirect pore filling, which is the topic in this subsection). The air in paores is i
equilibrium with the liquid water and the resultingaporpressure in pore air is determined by temperature
and pore radius. While theaporpressure above a regular water surface is equal or lower than the saturation
vaporpressure (see Chapter 3), thaporpressure above a meniscus is always saturated. However, the relative
humidity of the pore air is reduced and given by equaBa20, which is also known as Kelvin equation.
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Regular air volume Air in capillary/pore

Figure510Vapor pressure deter mi ne Figure5.11Vapor pressure deter mi

function of temperature only. Vapor pressure is usually below is reduced for smaller pore radius. Vajpr pressure assumed
saturation always saturated
p, =7 Pysa WP sat (5.18)
o =p =p (T)expé- 20 cos d 519
- - (= I — -
v vsat vsat r7RT
c [
* — *
f*= pvsat/pvsat =exp(pc/ erT) (5.20)
Where:
pv: vaporpressure [Pa]
U relative humidity f]
Pvsat  Satur. vapor pressure [Pa]
T temperature [K]

surface tension [N/m]
contact angle

r: pore radius [m]

liquid density [kg/m?]

R: gas constant vapor [J/(Kg)]
for one pore

.
=.

¥

Pore filling due to saturated air above a water meniscus is called capillary condensatidn. [ A

Pores with relative humidities equal to capillagNBE & 8 dzZNBE LJO 0SSt 26 GONRGAOF T ¢ OF L
radius (see equatioB.15) build up moneand multilayer adsorption of water molecules. First afier s *pc(r)

capillary condensation onto meniscus stagsis given in equatio’.15.
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-25cC0s ¢
P- Py R (5.21)

Table5.2 pore filling with capillary condensation. An example with different size pores.

a 10.0 % 34.3% 89.8 % 99.9 %

Pc -3.12A10-1. 43A10 |-1. 45A10 1. 4%A10
I'meniscus 4. 7R10 1. 0410 1. 0410 1.0A10
r=10°m ¥ A

Pc,pore
=-1.45108 Pa

r=10%m
Pc,pore
=-1.45 107 Pa

r=10%m
Pc,pore
=-1.45105Pa

Pore transfer
In the following, we are looking at moisture transfer in pores as transfer of liquid water and as transfpoof

Liquid transfeiG [kg/s] is given with HageRoisseuille law for a fully filled pore. Liquid transfer is driven by the
capillary pressure difference (equati®r22). A liquid transfer coefficient is derived (equati®24) and called
liquid permeabilitk*; @1 Ik 6 YT a1t I 0B P

Finite length pore Infinitesimal length:

G =LA
8m  ux

LT 2
G =- ad (pc,y -pclz) (5.22) =pr2 T W (5.23)
8m X

= Ak e
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(5.24)

Where:

G¢ liquid flow [kg/s]
liquid density [kg/m?3]

.
=.

r: pore radius [m]

> lig. dynamic viscosity [Pa/s]
L pore length [m]

Pc: capillary pressure [Pa]

X: coordinate [m]

A*: pore flow area [mZ2]

kg liquid permeability [kg(Y'T a)] t |

Vaportransfer takes place in air filled parts of pores and is illustratghoris assumed to be transferred with
vapordiffusion.Vaporis assumed to be transferred wittapordiffusion.

N~ -
/\

Figure5.11 illustration ofvaportransfer in pore air between 2 different menisci with liquid water

1 002 NRA Y 3 vaprirahafed o€sdront highia@porpressure to lowewaporpressure. In a pore, the
vaporpressure is affected by the pore size and the resulting capillary pressure. As a consequenapothe
transfer takes place from high to low capillary pressure and larger radius to smaller radius.

Vaportransferinaporgs, | 3k a8 OFly 0S RSUGSNN¥YAYSR FNBY (GKS ay2N)I f
pressure difference as in equatie®.25. Vaporpermeability of empty (= air filled) porés* is determined in

equation-6.26.

G, = Ad, HO, =Ad, MR, HPe p;*k;_;'t
HX HP. M XH (5.25)

*
k=g, B =g P
HP, rnR,T (5.26)

r: pore radius [m]
pv: vapor pressure [Pa]
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Pc:
G
A*:
Ly
ky:
R
.
T:

Liquid moisture content

Moisture storage in pores is equal to the liquid water content in pores and is a function of the capillary pressure

capillary pressure [Pa]
vaporflow [kg/s]

pore flow area [m?]
vaporLISNXY' S+ o A€ A @
vaporLISNXY' S+ o A€ A @
gas constant vapor [J/(Kg)]
liquid density [kg/m?3]
temperature [K]

Ay

wl3IkoYi aitlo0e

Heat and mass transfer in buildings

FAN) wl3IkoYi aitlhos

(equation 9.20). Moisture storage Wfaporphase is negligible.

Mm:
Vimat:
u:

mm,stored =My U (pc) ﬂmat I matU (pc)

umm,stored

Mt

moisture mass [Kg]
material volume [m3]

- r.nmat

moisture content [kg/kg]

u(p,)
1

m

mat

(5.27)

(5.28)

Above equations illustrate the relation of liquid moistutentent, pore radius and capillary pressure and

NEBfI §ADPS KdzYARAG @

pe=-10°
a = 47.
pe = -1C°
a = 99
pe = -10*
ad = 99

Figure5.12 illustration of liquid moisture content by pore filling o
exempl ary
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Heat and mass transfer in buildings
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Figure5.13 liquid moisture permeability s function of capillary pressu
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6 MOISTURE TRANSFEMANERIALS

Liquid moisture storage and transfer in porous materials were introduced in Chapter\&iy idealized form
at a pore size level. In this chapté¢he description of liquid moisture storage and transfer is extended to
material level.

6.1 Relating porosity of materials to their moisture properties

Porous materials were idealized as bunebégubes in the previous chapter. In real materials, there is a wide
and continuous range of pore sizes, see for example pore size distribution for aerated conéfigheras. 1.
There are mostly large pores 10° m), but also some small pores< 10’ m) and pores of size in between.

Different materials can have quite different pore size distributions and consequently, they may have rather
different properties for moisture storage and transport. The pore size distribution has a direct influence on
where and how moisture is stored and which conduits are available for transporting the moisture, and thus
the moisture properties of materials.

aerated concrete
LSS Y
£ f b | S
© Vol \;
£ “'i N
u) - - 5
£ A !l-._- S P N
% artificial aif pores macro capillary
>
o
o
o
-2 -3 -4 -5 -6 -7 -8

log(r [m])

Figure 6.1 distribution of pore volume over different pore size
ranges.Aerated concrete as an example

The link between pore size distribution and material properties is given by the capillary prpséegeation
8.1)

-25cos ¢
pl - pg :pc r (6.1)
px: liquid pressure [Pa]
Pg: gas pressure [Pa]

Pc: capillary pressure [Pa]
) surface tension [N/m]
contact angle
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r: pore radius [m]

The above equation illustrates volumetric moisture conterfkg/ms3](or u (kg/kg)pf our example material as

a function of capillary pressuregand as a function of pore sizgm]. For small pore radii, the negative capillary
pressure is high and the risbure content low. For increasing pore radii, and decreasing negative capillary
pressure, the moisture content increases as well, and the increase for larger pores is high.

800

0 3 log(-p. [Pa]) 6 9

-3 log(r [m]) -6 -9

Figure6.2 equilibrium between capillarpressure and moisture content

When relating the porosity of a material to its moisture storage capacity, some characteristic values are
important to note. These are illustrated in Figls8~z ¢ KSNB |t a2 (GKS GaRNEBé | yR
given.

T pecitcalis the capillary pressure where there exists a continuous liquid phase in the pores of the
material. Weritical (OF Ucritical)iS the corresponding moisture content at that point. For lower moisture
contents, the liquid water exists as single mailet layers and liquid islands.

1 For decreasing negative capillary pressure, larger and larger pores get filled with liquid until the free
water uptake stops. This point is given as capillary moisture comtegtian(Or Ucappilary)- At this
moisture conént, not all the pores of the material are filled with water.

1 Tofill all the open pores of the material, normally external wppkessure- is needed. This moisture

content is saturated moisture contemMisaturated OF Usatuated-

800 A > Wsaturated
%~ 600
S
D
=3
2 400
Wcapillary
2004}
Weritical
0 . A A
0 3 log(-p.[Pal) 6 9
Pe critical
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Figure 6.3 definition of saturated, capillary and critical moisture content
Also the moisture transfer property, moisture permeabilty, has a relation with capillary pressure, moisture
content and permeability, such as illustratéu Figure6.4. For low moisture contents, when there is no
continuous liquid phase, the&apor diffusion is the dominating moisture transfer form. It increases for
increasing pore radius, but not only due to highepor diffusion area but also due to ireasing liquid
transport in filled smallest pores and in liquid islands. Once the liquid phase is continugug;iiad, the
permeability increases until all pores are filled with liquid water. For increasing pore radius, the moisture
permeability is asumed the same, as increasing the moisture content ala@ygian(Or Ucappilary) Would involve
external work (Se@Vsaturated OF Usatuated above).

-10 S W -10
2 liquidagg - . wet dry

( ( L \ km,crillca\
'E — — E \\

Y AN
g Shquid + 4 E N
2 -15 | vapour 2 .15 )
£ ol ) E
< <
g g

N \
-20 T \N \

vapour

20—

0 3 6 o 0 3 6 9
log(-p; [Pa]) log(-p. [Pa])
Pe critical
Figure 6.4 moisture permeability depends on Figure 6.5 definition of critical capillary pressure and
moisture content of material. moisture permeability.

As a result of the link between porosity and moisture properties, moisture stoasgl moisture transfer in
materials can be expressed as a function of capillary preggure

umm,s ored _ }JU Upc
Tt _Vmatfmat T!C(pc) t (6.2)

c':'m = 'km (pC) Tl:(c A (6.3)
Mm:  moisture mass [kg]

Vmat:  material volume [m3]

moisture content [kg/kg]

moisture flow [kg/s]

Y2AA0dzNBE LISNYSIFIOoAfAGE w{3IkoYiaitloe
surface area [m?]

6.2 Simplified moisture transfer models

Moisture transfer and storage, especially in liquid phase and the combinatigepofand liquid transfer, is a
complex problem and usually also involves combined heat and air transfer. Solutions are therefore found only
by using numerical tools such as Delphin. Simplified analytical solutions can be found, however, for some
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simple casedn the following, some simplified models for capillary absorption and isothermal drying are shown.
Also, a model with transport equations applicable for both cases igset

For calculation of isothermal dryirgwhich is an important parameter in e.material production industrg
there exits also some more advanced chart methods for solution of drying for different basic geometries. One
of them is presented in the Appendix.

Capillary absorption

Capillary absorption is illustrated with a classicatevaptake experiment. A dry sample is placed in contact
with water. The capillary rise starts. The moisture mass increase as a function of time is registered by repeated
weighing.

0Oh 04m 00s 0Oh 20m 00s

coordinate

Figure 6.6 the capillary absorption geriment. Setup (left) and measured moisture content after
4 minutes (middle) and after 20 mins (right)

To be able to setip the model for moisture transfer, it is important to know the progression of the wet
front in the material. The moistureontent profiles are as a function of time and location.

W, X height
Wqp X height

moisture content

Acap

moisture mass [kg/m?]

v

v

{0.5 [505] coordinate

Figure6.7 typical behavior for capillary absorption. Capillary water uptake (left) and moisture content prof
(right).
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A simplified calculation of the progression of the water frdrftdt and the absorbed watem(t) is shown below.

It also illustrates the square root of time behavior of capillary absorption. Fig@shows the moisture
content profile in material, origally in equilibrium withRH= 50% wsos% The moisture content at the water
front is assumed equal tp, criicai@nd the moisture content above the water front (in illustration to the right)
iISWsou At the surface from which water absorption takes place, the moisture content is equal to the capillary
saturation moisture conteniVeapiiian(Or Ucappilary)-

u
r 3

ucap -

Uerit n“:
—att ;
——--at t+At|

Uspe, :

X X+Ax

Figure 6.8 capillary absorption. Penetration of
moisture front into material.

The equation for capillary moisture uptake into the material can be written as equatdonvith a liquid and
avaportransfer part.

m - B d_X 7 u %)t_( K = Peo = Pecrit Gpv,crit ~Pv RH=509%

pt dt ™ L % L x (6.4)
X: coordinate [m]
t: time [t]
Pc: capillary pressure [Pa]
ki Y2A&a0dzZNB LISNXYSIFOoAfAGE o] 3IkoOYi aitlose
w: moisture content [kg/ ]
u: moisture content [kg/kg]
" mat: density of dry materialg/ m?|
m: moisture mass density [kg/mZ?]
a vaporLISNY S oAf Ade wl3IkoYiaitl 06
L material total thickness [m]
crits critical
v vapor
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Neglectingvaportransfer and assumingco= 0 Pa (at the water reservoir), we get the resulting equation for
penetration of moisture front into material:

-k

m,crit pc,crit

X rmat D

_(ucap + Ueit ) (6.5)
2 H50%

X
ut
Du

CKS aAYLIX AFASR aoSié Y2Aa ludghBanddaid B8ufichs far avet fiokkd) + @S NI 3
and absorbed moisturen(t) is given with equatio.6.

-2k .
X(t): m,cntDFl)Jc,crlt \/t_ :B\/f
mat (6.6)

m(t) =\/ ka,crit Pe crit £ mat LD/E M{ (6.7)
A :absorption coefficient g<g /(m?3°%)
B: water penetration coefficient [m/s%5]

Isothermal drying

In an isothermal drying experiment, a wet sample> Ucriical) iS €xposed to air with a givétH. The sample is
sealed on all surfaces but one. The moisture content decreases as a function of time. Everything is at the same
temperature, and we are neglecting the heat of evaporation.

U 1.00

0.757

mean saturation (-)

coordinate

000 T T T T
0 5 10 15 20 25
time (days)

Figure6.9 isothermal drying. Left: The saip. Right: Drying of moisture mass as a function of time for 2
different materials: Ceramic brick (red) and calcium silicate (black)

The isothermal drying is characterized with a 3 stage@ss.

During the first drying period, the drying rate is rapid and constant. The drying is determined by the rate of
evaporation from the surface (see Equat®i). The material surface is assumed saturaf®e fv.sa) and the
moisture content gradient inside the materiel is negligible. Furthermore, it is assumed that all moisture transfer
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inside the material is in liquid form. The first drying phase ends when the moisture content at the surface
comes belowv <Weritical.(OF U< Ugritical)
MM _

E - b(pv,sat -pv,RHe) (6.8)

i surface vapor transfer coefficient [kg/@aPa)]

The second drying period starts when the moisture content on and near the surface comesglay(or

Urical)® ! GRNEBE T2yS RSOSt 2L ySIN GKS adzNFIFOST FyR (K¢
in the form ofvapordiffusion in the dry zone is now determining the drying rate. The relative humidity at the

surface comes below 10® and will at some stage reaBii. The drying rate is therefore declining, and is no

longer kept constant such as in Phase 1. Equa&i®gives the drying rate at the end of Phase 2. The moisture

content profile in the wet zone is still practically constant. The second drying phase ends when the moisture
content of the whole sample has come belowiica(Or Ucritical)-

MM _ g Pvsa ” Purre
ut = d X (6.9)

Pvsat  Saturationvaporpressure [Pa]

During the third and last drying phase, the moisture content everywhere in the material is bel@ai(or
Ucriicat) @and approaching the equilibrium witRH. This stage can take a long time, sometimes years. The
moisture transfer is dominated byapor diffusion.

E

(@)

= =

0 L

o | first second = t
% drying drying k7

'g period period =

t[s] coordinate

Figure6.10 typical behaviour for isothermal drying. First and second phases of drying (left) anc
moisture content profiles (right).

Simplified model for capillary absorption and isothermal drying

Both these examples were characterised by sharp moisture fronts. In our simplified model, the front is
absolutely sharp: the material is either wet or dry, see the illustration in Figidte ! [ A.ln
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real life, the front is not so sharp. However, the assumption of the sharp front is not bad as an approximation.
The reason why the front is sharp is that the dry zone has only little capabilityoisture transfer due to low
moisture content and low permeability, while the wet zone has high moisture transfer capability due to the
high moisture content and high permeability.

A A
5 3 z 2
Y4— ) *h
— 0 (7)) o) w0 [75)
c c c C C [
Q © @ Q © IS
= = =
= £ = 2| 5 =
S =) 5 o | 5 o
5 @) &) o S
) (op Q. (B} o (o)
bt = © o © =
S - > S > -
= @ .. — (D)
0 c () 0 @ c
o o) c o g o
N o 5
= - N & = N
(] > N ©
= - > =
=) . ] =
coordinate coordinate

Figure6.11 distinct separation between wet zone for liquid transfer (dark grey) and dry zowagortransfer
(light grey).

Transfer mechanisms in the wet zone (liquid) and the dry zem@of) can be summarised as belowomeans
that capillary pressure is e (= the capillaries are in contact with free water). It is important to note that the
coupling between the wet and dry zones is describeg@dyticaland Weritical (OF Ucriticat).

P. =P. o and u=u(p, ,) and w =w(p, ,)

(6.10)
k
G :GI = km,crit &A = mert
HX dwet(pco - pc,crit)
Wet zone:
L|qU|d G :Gl —_ km it &A _km,crit(pco pc,crit) A (6.11)
transfer X et
pc = pc,crit and u= ucrit and w :\Ncrit and pv :pv(pc,crit)
G=G,= q®p =2 A
HX ddry(pv,crit 'pvl)
Dry zone:
Vapor (6.12)
transfer G=G, = 4, HO, A gl(pvgrit - pvl)A
dry
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p, =p,, and u=u(p,) and w =w(p,;)

G mass flux [kg/s]

p pressure [Pa]

X coordinate [m]

Km: moisture permeability [kg/(m-s-Pa)]
w vol. moisturecontent [kg/m3]

u moisture content [kg/kg]

a vapor permeability [kg/(m-s-Pa)]

crit: critical

v vapor

I capillary

d: thickness [m]
wet! wet section
dry: dry section

6.3 Hydrophobation

An example of application of the moisture transfer the@ydrophobation: By application of watezpellent
LJ2 f @ YS NBE -lay&r oh theemdterigl Buiface, it is possible to change the capillary activity of the material.
The idea is to avoid water penetration for instance in a brick wall and thereby\agtiregy moisture damage.

At first, the treated material will reject water droplets that impinge on its surface, which can be seen on the
RNRBLX SGaqQ O2ydalrOd Fy3aftsS gAl0K (KSmeanidat teSdmpletskefd O2 y i I
to roll over the surface. After a while, the droplets smear out, the contact angel become less than 90°, and the
surface is generally wetted.

IfthewateeNB LISt £ Sy i A& 2F | aLISYSOINI GAy3IE yIFGdz2NE ol a 2 LIk
coating tre surface), the polymers are deposited on surfaces inside the porous material. Examples of film
forming repellents are acrylics, mineral gum waxes and urethanes, and they typically can last a few yerars.
Examples of penetrating repellents are siloxanes sitehes, which can last for more than 10 years (Brick

industry Foundation, 2008).

The depth of entry into the material of a penetrating repellent can be expected to be sémam (Carmeliet,
2001, and Brick industry Foundation, 2008). As illustratedbim&6.12 (right), the large pores are partly filled
with the polymer, and the polymer partly or fully clogs the entry into the smallest capillaries of the material.

Several types of penetrating polymers can be used, for example polysiloxanes, whiehdiae length of 10
8to 10" m (Carmeliet, 2001).
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water-repellent

hydrophobic polymer network —]
| ayer solid matrix —|
pores —
original
material pore wall

Figure6.12 theidea of hydrophobation (illustration to the right from Carmeliet, 2001).
The effect of hydrophobation is to block pores with certain pore radiugdpillary transport, such that the
small pores (a), which normally have the strongest liquid tension for capillary suction, become largely
passivated. Furthermore, the polymer reduces the open space of the large pores (c), as well as the connectivity
between them (b & d), and since these pores normally are the ones that contribute most to the liquid
permeability of the material, the water transporting capability is significantly reduced. The effect of
hydrophobation on liquid moisture permeability is illcestied in the following figure.

Coarse pores Small pores
. — === S
2 |avets £ oDryo = £
— Ke) ()] 4‘;)' [e)) S
N2 ® & R o S
© 3 - © = N_
Q 3 = Q £ ]
© © =
5| & 5 5 2
S| p 2 S L S
) S > o > @
) 2 © o © £
8_ §m o o o <
-4 -6 -8 -10 - - -8 -10
log(r [m]) log(r [m])
_8 1 -8
'D?i — non-treated T
v -121 — hydrophobic & 1o
£ £
o) o)
— ~
167 —-16
£
2 ceramic brick =2 calcium silicate
= -20 ‘ 2 20 ‘

6 6
log(-p [Pa]) log(-p [Pa])

Figure 6.13 illustration of the polymer size of a penetrating water repellent in comparison with the pore sizes of
and calcium silicate (top graphs), and the effect of hydrophobation on liquid moisture permeablity (below).

The effect of hydrophobation on cdlpiry absorption is shown in the above figures. As desired, hydrophobation
reduces the capillary absorption significantly as seen by the below numbers for the absorption coefficient
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Table6.1 properties of two different blding materials noftreated and treated.

Absorption coefficient Ceramic brick Calcium silicate
Anon-treated 0.18 kg/( mzﬁjo-S) 0.048 kg/( mzﬁso-s)
Ahydrophobic 0.0006 kg/( mZ/_SOf’) 0.0012 kg/( mZZSO'S)
30" 50,
g 25 E” 401
4 20] 2 30
g | — non-treated g — non-treated
3 5 204
.g 101 o
o
S 5 g 10
ceramic brick W
I I I L L L L L 0 i Il L J
0 80 160 240 320 0 400 800 1200 1600 2000
square root of time [s°9] square root of time [s05]

Figure 6.14 effect of hydrophobation on capillary absorption.
Hydrophobation also influencesportransfer to some degree. The film forming water repellents, which coat
the surface, are generally made of products with larger moleailaes than the penetrating repellents. Thus,
they can act asaporretarders on the surface and hinder the evaporation of moisture that may come from
inside the material, and this may for instance lead to frethmav damage during winter.

The penetratiig water repellents will reduce theapor permeability between a factor 2 (for brick) and 6 (for
calcium silicate). However, since also the capillary transport capability is reduced by the presence of the
polymer in the pores, hydrophobation has a signiftcaffect on possible drying time.
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1.0 1 1.0
-é- — non-treated L — non-treated
508 —— hydrophobic _5 0.8 - —— hydrophobic
T IS
. S0g
g 0.6 9) 0.6
c c
0.4 - S 0.4
e c
0.2 1 0.2 A
ceramic brick calcium silicate
0.0 : : 0.0 x 1
0 100 200 0 50 100
time [days] time [days]

Figure6.15 effect of hydrophobation on isothermal drying.

6.4 Literature
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6.5 Appendix: Chart method for isothermal drying

A

CKS F2ft26Ay3a YSUK2R A& tAKfF2F@IFNIrQada YSGK2R
y20S daz2Aaiddz2NB LLé o6& !'yYy{SNIC bAStasSyo
For more accurate determination of the dryingeathe transient moisture transport equation can be used,

where moisture contentw [kg/m?] is the driving force. Moisture content is not continuous over material
boundaries, so this method is valid for objects made of one material only with a given ggomet

ﬂ:Dw %, or _UU D\?v :l#

Mt it M (6.13)

Where:
Dw moisture diffusivity [nd/s]

A solution to this equation can be found for different geometric shapes of bodies with the initial condition

being the samemoisture content everywhere in the body, followed by a sudden change, so the surface
moisture content immediately shifts to the equilibrium value.
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For a slab: U = u- u, - f(Fo), Fo = DW2G)
u, - U, 1 (6.14)
Where:
u moisturecontent at time t
U equilibrium moisture content
Uo intial moisture content
Fo Fourier number
t time
I a characteristic length, see Figure 14.
U dimensionless moisture content

The moisture content in a plate can be determined at a certain point in titmenvid, and | are known. The
time it takes to reach a certain mean moisture content can be found. In the figu(@sand U= indicate
dimensionless moisture content at a given position in a plate or as a mean value, respectively.

U =40t U =Y U
o = U "oUp- U, (6.15)
Fo=0,002 0,005 0,01 0,02 004 006
1 & 94 //: —] 0,08
1// /, ///ﬁ’:/’ ahe
o W/ VA4 0.2
e 0,25
0,6 h///////////j/ 0.3
= H / / // // A1
S 04 I /////é/ = 0.4
0.2 /A%éf el 07 s
s 09 =
0 o 12 =
1 0,8 0,6 0,4 0,2 0
X

X=T

Figure6.16 moisturecontent distributions at various times for a slab. The curves correspond tc
different values of the Fourier number (Fo).
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Figure6.17 Drying of a plate (plade), a cylinder, or a sphere (kugle) as a function ofdbeier
number (Fo).
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7 AIR TRANSFER

Air transfer in buildings can be both intentional and unintentional. When we open windows or use kitchen
hood or mechanical ventilation system, we have a desire to get some fresh air supply poltlitants exhaust.

In order to perform as expected, the window openings and mechanical systems including the ducts must be
correctly designed and dimensioned irder to provide the designed &iow.

On the other hand, thee exist also unintentional diows in buildings. These can be leaks between window &
frame, leaks between gypsum boards, cracked render, unfilled joints, air permeable building components, etc.
Unintentional air transfer can cause extra heat losses, interstitial condensation in butthstructions and
transfer of pollutants, and should be normally avoided.

In this lecture note, you will learn how to sep and solve air balances for a zone in a building and in/across
building materials and constructions. In addition, you will be ableformulate and apply the dlow
descriptions for permeable media and for openings, and to formulate and apply the wind pressure and stack
presaire boundary conditions for dlow.

7.1 Air conservation and storage

Conservation of mass was defined in 1748 by Mikhail Lomonosov, and has been defined for moisture in a
previous chapter. For air in an open system conservation of mass means that the amount of air stored in the
systemma siored [Kg] Must be equal to the ddérence between the mass of air added to the system in[kg]

and the mass of air taken from the system out[Kg]:

Base formulation:

ma,stored = a rna,in - a.ma,out

(7.1)
Rate of air transfer
dM, soreq / dt=a Gain - éGa,out (7.2)
dm, ¢ oeq /At =0
aG,n- &G 9 (7.3)

Where

Ga is the flow of air, kg/s
Ma is the mass of air, kg
inlout - €ntering/leaving
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t: time [s]

If we can relate storage and flow to air pressures then we can assess air response of buildings and building
components.

For considerations on air flow conditions, two types of objects are considered: Spaces and poroudsnateria
each with their variables that will be kept track of as it appears in the following relations.

For rooms/spaces:

Porous materials:
Where
Va is the volume of air, m3
"a is the density of air, kg/m3

Pa is the air pressure,g= 101,325 Pa

Ry is the gas constant for atmospheric air = 287.1 JKkg
T is absolute temperature, K

Vmat  is the volumeof material, m3

A is the open porosity,

7.2 Pressure driven flows
cCt2sa I NB RNAGSY o6& | ANJ LINBaadiNE RAFTFSNByOSaz 4K

A = 7

STFSOGL0T YR FNRY YSOKIYyAOIf adaeadsSvya o6FFyaood

w
Z
&

7.2.1 WIND PRESSURE

First of all, we have to note the metrics, which are used to represent wind velocity. The meteorological wind
velocityvmetA 8 G KS G6AYR aLISSRY 6KAOK Aa YSIF&AdZNBR Ay mMn YQa
landscape. The wind velocity haprafile which develops with the height over the ground, and the profile also

depends on the type of landscape, i.e. if we are not in the open field, but for instance in a built up area. We

have to determine the profile of local wind velocity,, which derives from the profile from the undisturbed
landscapeyuwind
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wind

vel oc

Figure 7.1 profiles of wind velocity in a particular local site of interest and th
reference wind velocity profile location in amdisturbed field.

Heat and mass transfer in buildings

Local wind speedioc can be calculated at different surface (landscape) roughness, and at different height

according to the equation:

V|OC(H):VmetkHU

Where the following coefficients from Tablel pertain to the different types of landscape.

Table7.1 coefficients to be inserted in Eq7.6) to determine local wind velocity (after ASHRAE Handbook of Fundamentals,

(7.6)

2012).
Terrain category k a
Large city centers, in which at least 50% of buildings are higher than 25 m, over a distance ( 021 0.33
least 0.8 km or 10 times the height of the structure upwind, whichever is greater ' '
Urban and suburban areas, wooded areasther terrain with numerous closely spaced
obstructions having the size of sindémily dwellings or larger, over a distance of at least 460 | 0.43 | 0.22
or 10 times the height of the structure upwind, whichever is greater
Open terrain with scattered ohsttions having heights generally less than 9 m, including flat o 0.72| 0.14
country typical of meteorological station surroundings ' '
Flat, unobstructed areas exposed to wind flowing over water for at least 1.6 km, over a dista 0.93| 0.10

460 m or 10 times #hheight of the structure inland, whichever is greater

Next, we should determine the pressure loads on building surfaces that arise from the local wind velocities.
CKAA TF2ft26a TFTNRBY . SNyz2dzhiffeQa Sl dze prasdue (of ¥efochyiK

pressure), hydrostatic pressure, and static pressure (or atmospheric pressure) is constant:

pa,total - pa,atmospheric -l-pa,hydrostatic p;,dynamic

2
= IV

+r, ®hO eonstant

pa,atmospheric
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The wind pressure, that arises from the wind speed, &@odld be felt by total blocking of the wind, is:

Pawing = —25%
a,wind 2 (7.8)

Where
Pawind IS the wind pressure at a surface where the air is brought to complete stop, Pa

However, since the wind is sfilbwing with some velocity around a building, i.e. it is not brought to a complete

stop, the wind pressure that is exerted on the building is only some fraction of dynamic pressure from the free

flow field. In some places, the air speed is even higher thahe free flow field (e.g. over the roof), so the

wind pressure becomes a negative value, and there may also be-pnelesures on the leeward side of the

0dZAf RAY3Id ¢Kdzaz GKS | Oddzrf 6AYyR LINBAadzNHatadehage RA T F S|
modified by the local wind pressure coefficie@y,

2
r aVIoc

= CD 2 (7.9)

pa,wind,local

Where
G is the local wind pressure coefficient,

[ 20Ff GAYR LINBaadz2NBa | G S and Gk & Ndaldvimhpiesshrg Beffigietns e OS & |
shown in the following figures and table.

Figure7.2 pressure profiles around a building (Byggforsk, Norwegian
Building Research Institute).
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C -koefficient

i 09-06

06-03
E] 03-+03
+0.3-+06

Laeside +0.3-+0.6

Figure7.3 map of local wind pressure coefficients around a
building. It should be noted that most of them are negative. (Dat
Building Research Institute).

Figure 7.4 distribution of the localwind pressure coefficient over the surface of a tall facade that faces
wind directly (0), or at various oblique angles (ASHRAE Handbook of Fundamentals 2012).

Lowrise buildingg plan:
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Figure7.5 plan of a lowrise building showing the lateral distribution of the local wind pressure coefficient o
the facades when either one of the facades of the building faces the wind directly (left), or one of the corr
the building faces the wind (right). (ASHRAE Handbook of Fundamentals 2012).

Table 7.2 unshelded lowrise buildings. Local wind pressure coefficients for four facades and two roof surface:
different slopes. Wind frond i f f er ent angles as indicted in tabl ebo:
Ventilation Centre):

2

. Length to width ratio: 1:1 Length to width ratio: 2:1
/4 0° | 45% | 90% [135% | 180° | 225° [ 270° | 3156°| 0° | 45° | 90° [135° | 180° (226 | 2707 | 315°
Facel 07 |03|(05| 04| 02|04)05(035)05 |025]|-05)|-08(-07)-08]|-05|023
Face 2 02040503507 (03|05 (04|07 |08)05|025(05 0250508
Face 3 -05|035| 07 |035|-05|-04|-02|-04|-08 |02 |06 |02|-09|-06 (035 -08
Face d 05|04 (0204050307 (035|-09|06|035)-06(-09)02 |06 |02

=10° Front |05 (-0 |06 |05|04|05(-08(-07]|-07
=<10* Rear |(-04 |-05(-06|07|-08(-07(-06|-05]-07
=10° Avg. |-06|-06(-06|-06)]- 06 |-06 |-06|-07
=30° Front |-04 (-05|-DE|-05]- 05|08 |-05]-07
=30° Rear |-04|-05|-06|-05% 05|08 |-05]-05 & |07 (-07 |07 |-07 |07 |-08
=30° Avg. |-04|-05(-06 |03 -05)-06 |-05|-06 |-0. 0.6 |-0.65] -0.7 [-0.65
=30° Front | 0.3 (-04 -0E |-D4 04|08 |-04]025| 0 |-0& |05 )08 )|-0%|-06| 0

=30° Rear |-05|-04(-06)|04|032|-04)-06)|-04]|-08)-0 -0.6|-0%8
=30 Avg. |-01|-04|-06)|-04|-01|-04)-06|-04])-018|-0. G |-0.45(-0.15 (-045) -0.6 [-0.45

7.2.2 STACK EFFECT

The pressure effect due to density difference of air is called a stack effect or chimney effect. Characteristic for

08|07 |07 (07 |-08]|-07
08|07 |07 (07 |-08]|-07
08 |-07 |07 (07 |-08]|-07
07|06 |-05(-08|-07]|-07

3
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the stack effect is that it creates an under pressure in the lower parts of a building and overpressure in the
upper parts of a buildingses figure below.
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e
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Figure7. 6 illustration of pressure distribution in dependency of height (right) and er
suing direction of air flow through leaks in the building envelope of a house (left).

The atmospheric pressure we have at ground level is the result of the hydrostatic pressure of the air layers in
the atmosphere above. The pressure is highest at ground level andrhes less with height according to Eq.
7.10! Reference source not found.

pa,O

a

Pa(N) = Pao 4o QN = R T (7.10

Where

Pa(h) is the air pressure as a function of height over ground level, Pa
Pao is the air pressure at ground level, Pa

"a is the density of air, kg/f

g is theacceleration of gravity, mfs

h is height over ground level, m

R is the gas constant for atmospheric air = 287.1 kg

T is absolute temperature, K

Under conditions when the temperature is different between the air inside and outside of a builtingha
density will be different, as it appears from the influence of temperature in either of the last two terms of
Eq7.10. Under the assumption of same air pressures at ground level inside and outside of a building, this will
lead to thedifferent developments of the air pressure vs. height distributions betweesida and outside the
building as illustrated in the leftand part of Figur&.7. Consequently, there will be a difference in air pressure
between inside and outside for all lghit above ground level. The development with height of this air pressure
difference is illustrated in the rigHtand part of Figur@.7.
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low temp hightemp — resulting difference

pa,O - pa,zgh

Figure7.7 left-hand part of figure: Theoretical development of pressure vs. heiglside (e.g. high
temp.) and outside (low temp) of a building. Rig¢hand part: Difference in air pressure betweer
inside and outside as it develops with height.

However, the preage development shown in thegures can be regarded as valid only under the theoretical
assumption of same air pressure at height 0 m. This would require a very open building envelope down at
ground level (i.e. a unhindered air exchange through the walls at their bottom/near the foundatiorgal
buildings, the leakiness between-é$ide and outside may be distributed over various heights of the building
envelope structure, so the height in which the air pressures are the same inside and outside of the building
may be at some higher leveler the ground, depending on where the building has its dominating leaks. This
height is called the neutral plane.

Apa,y/’z Apa,y/z +

—»
i
1
1
1
1
1
1
1
U

Ap
aylz
L

=
o

Figure 7.8 illustration of inside and outside pressure distributions for two different cases of wi
in the height a building has its dominating leaks.
Top left: The lower and upper parts of the building envelope are equally leaky, so the neutral
is in the middle of the height of building.
Lower left: The lower part of the building envelope is morekieghan the upper, so the neutral
plane is closer to the ground level than to the ceiling.
The righthand part of the figure illustrates how stair cases, elevator shafts or chimneys that
several floors may have other pressure vs. height depeient than the rooms on the individual
floors.

For a heated building located in a cold climate, the stack effect will cause air pressures to be higher inside than
outside of the building for the upper parts of the buildings, whereas the inside pressure is lower than the
outside pressure in the lower pa of the building. If stack effect is the only mechanism to cause air pressure
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differences between inside and outside of a building, it would lead to exfiltration of air through possible cracks,
leaks in the building envelope or through ventilation opeys in the upper parts of the building, whereas the

air would infiltrate into the building through such openings in the parts of the building which are below the
neutral plane. This is illustrated in Figu#®. For a cooled building located in a warm elis the pressure
differencesand directions of potential diiows would be opposite.

Temperatur-
forskjell

Figure7.9 illustration of pressure differences between inside and outside as ce

by the stack effect, and demarcation of the neutral plane for a building locatec

climate which is colder than the temperature inside of the building (Byggfors
Norwegian Buildng Research Institute).

For a vertical shaft or cavity (e.g. behind a ventilated cladding at the exterior side of a building envelope) we
could have the condition which is illustrated in the rightmost part of Figuée If the shaft contains warmer

air than outside of the buiidg, the development with height of the pressure differences between inside and
outside is such that air in the shaft will be sued upwards. This is the effect that is used in a chimney over a fire
place or a boiler to drive the warm fumes upwards in tharstey (and by the way: for the room in which the
fireplace is located, this will cause relatively cold replacement air to be drasntire room, and this air is

then come to the fireplace to sustain the continued fire).

Cooling of the vertical shaft, e.gy longwave radiation to the sky if the shaft is a cavity below the roofing /
over the insulation in a sloped roof, may in some periods cause the air in the shaft to be colder than the outside
air, in which case the air will be driven dowiards by thestack effect.

7.2.3 MECHANICAL SYSTEMS

LY 0dzZAf RAy3da 6KSNB Flya 6aYSOKLF YAOI f-orusdarpréstgedfv | NB
the inside air compared to the outside. This may potentially causiteation or infiltration of air through

leaks in the building envelope or through ventilation openings. Figure 38 illustrates the situation for a building

with an exhaust fan that causes an unggessure in the building.
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Figure7.10 illustration of pressure diérences between inside and outside as cau:
by an exhaust fan that extracts the air from inside of the building causing an-un
pressure in the indoor space compared to the outdoor air (Byggforsk, Ngiame
Building Research Institute).

Exhausfans will typically sit in kitchen or bathrooms, or in rooms where other polluting processes take place,
e.g. in a commercial buildings. Since the air to be exhausted has to come as fresh air to these rooms, the air
may either be draw from the outside thugh ventilation openings or from other rooms which will then have

to have some conduits for fresh air supply. In this way, the uhdbkB & & dzZNBE O dzaSR o6& 2y S
may propagate to several or all rooms of a building. It is noteworthy to metiianair that is exhaust by a

device in one room of a building must somehow be replenished by a similar volume of supply air. It will not be
possible to cause ventilation with an exhaust fan if the building envelope is perfectly airtight, and there are no
provisions for fresh air supply.

A mechanical ventilation system may also be installed which is supplied with both an exhaust and a supply fan.
With such a saalled balanced ventilation system it may be possible to maintain an almost neutral pressure
difference between inside and outside of a building.

7.2.4 COMBINED PRESSUREEFS

In reality a building and its constructions will be exposed to air pressures that arise both from the wind and the
stack effect (when temperature differences exist). These two caabpressure differences are categorized as
natural forces. Since most buildings have either one or several exhaust fans or a dedicated ventilation system,
the air pressures will in addition be influenced by the mechanical system. Consequently, thesaiurer
condition in a building is determined as the summation of these individual reasons forulpud€i pressure
differences, and they all have to be assessed. In certain situations some may be significantly more important
than others, but it will be imprtant to consider an operating conditions that may likely occuand their
duration.

7.3 FLOW THAT RESULTS FROM THE PRESSURES

Two types of air flow are described: Air flow through porous materials and air flow in ducts. These two types
have fundamentally dfierent characteristics and therefore need to be treated in different ways:
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Table7.3 flow through typesand characteristiscs.

Flow through air permeable materials

Flow through ducts (vents, orifices, leaks,
channelscr acks, é)

flow through fine porous system

flow through large openings

large resistance (by wall friction)

far smaller flow resistances

low air velocities inside the pore

high air velocities in orifices

laminar flow turbulent flow
linear relation between air flow & pressure nonlinear relation between air flow &
difference pressure difference

7.3.1 FLOW THROUGH PORMWBIERIALS

Following figures illustrate the nature of some typical porous materials. Air flow these materials can be
describedwiK 51 ND&Qa tl ¢ 61 SYNE 5FNO&ZI mMypcO®

Figure7.11 cellular concrete.

S
I
v,

Figure7.12 wood.

LI

5

Typical for these air permeable materials is that the air flows with low air velocities through the fine porous
system and with a large resistance by wall friction. This results in laminar flow (see figure on the right) and a

linear relation between airdw Ga and pressure difference:

Pay = Pas =Ga/(AK) ~ G/A (7.12)

5FNDeQa ttg¢g A& lylftz232dza G2 C2 um

WJ KSI G

law for vapor diffusion. When assuming steady state conditions,-or
dimensional transfer, constant material parameters and no mz
generation Eq. 11 is validFurthermore, due to low air velocities in the
pores, the air flow is assumed to be laminar. lllustration of air flaw
through a material layer with thickness d over a pressure differenc
below.
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G, = Ak, Pay ~ Paz A Pay Paz \W Q_ (7.12)
W K,
Where:
Ga air flow [kg/s]
ki b ANI LISNXSIFGAEAGE Pa.y A
Pa: air pressure [Pa] p
W: air flow resistance [ni&Pa/kg] i Ga d
d: thickness [m] P
A surface area [mZ?] p
a,z

Idealized the porous materials can be assumed as a
bundle of cylindrical tubes, see Figutel3.

Figure7.13 porous material idealized as a collection of cylindrical tubes.

The air flow in cylindrical tubes can be described with the H&mseuille equation:

=Araér2

Ca W(pa,y Paz) (719

[antN
R
(V)

Where the blue partNB LINS a Sy ia (GKS GLISNX¥YSIFIoAfAle 2F

G air flow [kg/s]

density [kg/m3]
r: tube radius/gap width [m]
Pa: air pressure [Pa]

>a ReylFIYAO OAal02ymike dPxwHYiamndoe d wn c/ 0
L tube/gap length [m]
A surface area [m?]
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Permeabity of materials can normally be assumed proportional to their porosity and tortuosity, and to the

pore diameter squared. Air permeabiligg01 Ik 0 YT ai t | 0 6

3.

Material
wood wool cement board
mineral wool
cellullose insulation
expanded polystyrene
cement board
extruded polystyrene
fibre cement

C2NJ O2YLIRaAGS

Transfer:

Resistance:

Profile:

Table5.4 air permeability

For air transfer from environment to environment we define:

Permeance:

Transfer:

kal k g /1Rajh A Material ka[ k g /1Rajh A
5.0-10* particle board 6.9-10°°
5.0-10° aerated concrete 5.0-10°°
5.0-10° gypsum board 2.0-10°°
5.0-10” cement mortar 1.0-10°°
3.0-10° Plywood 8.0-10°10
9.3.10°° ceramic brick 3.0-10°10
9.0-10°° oriented strand board 1.0.1010

gl tfazr OK&abwyré&Nsih: F2NYdzZ I 2F 51

_ pa,y - pa,z _ Upa

W =d; /k, (7.15)
X .

Pax =Pay XPa pa,y)ele na\Ni (7.16)

a..
K= (j;;é?‘ d; /Ke, (7.17)
G, =AK (pa,y 'paVZ) (7.18)
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7.3.2 FLOW THROUGH DU@HRFICES AND CHANBNEL

Air flow through ventilation openings, ducts and unintentional
leakages in building envelope (e.g. leaks between different builc mm-cm

constructions like window and wall or cracks in masonry wall
fundamentally of different nature than air flow through ai
permeable materials described in the previous section: T
openings are larger and result in far smaller flow resistances.
low resistance gives some higher air velocities in these condi
which again gives turbulent flow (see illustration on thétjgand

nonlinear relations béween airflow and pressure difference:

pa,y - pa,z - (Ga/A)Z (7.19)

The total pressure loss through a duct is the sum of local losses at the ¢ Pa
and outlet, and friction loss along the length of the duct. See the illustrat Apa T
on the right, and the expression below: o

pa,y - pa,z = p;,mc,l pa,fJ'i? pajac,; (7.20)
AF:’a,fric

Local and friction losses are calculated differently:

Local pressure loss is created due to contraction or widening of the duc

passing the sharp angles at the entrance to and outlet from a duct and thr¢ = Apa T
Iy 2NAFTAOSO® {2YS &aAYLX S Phoricoztnan p! ' r O f
a!y

cases:

Table7.5 common case factors describihacal losses.

Local loss factor[-]

Entering an opening 0.50
Leaving an opening 1.00
Flow through orifice 2.85

The resulting expression for the local pressure loss is given

Qo
@

X

Iq:)a,loc _Zfa(; z

4
S AN

(7.22)

Friction pressure loss is caused by friction internally in the fluid and between the fluid and the duct walls. The
friction factor f depends on the nature of the flow, geometry of cross section and Reynolds number:
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Re = Gy
Am (7:22)

Where:

Ga: airflow [kg/s]

dn hydraulic diameter [m] = 4 A/P

A surface area [m?]

>a dynamic viscosity [kg/(m-s)] (18-106 kg/(m-s) at 20 °C)

Depending on the magnitude of the Reynolds number and roughness of the duct walls, the friction factor can
be read from the sealled Moody diagram, see next page. From the diagram follows theseahservations
Fo2dzi GKS FTNAROGAZ2Y TFIFOG2NNa RSLISYRSyOASay
Re >>3500 Y f = constant
For a cylindrical tube:

_32mL 3G,

ae—

O: Re< 2500 Y f=64/Re Y D0, sric >
' r.d; 9

For a crack/cavity represented as two parallel surfaces, which are close and infinitely wide:
48ngL aG,

&_

Re< 2500 Y f=96/Re Y D0, fric 2
r.dy 9

Solutions also exist for ducts of rectangul ai
(Kronvall, 1980).
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Drawn tubing
Glass,Plastic Perspex 0.0025 500
| Iron. cast 0.15
Sewers,old 3.0 |
-| Steel, mortar lined 01 = |ovoosesseseascsassssssscosspemtoegserads s nnsesmore g S
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Figure7.14 lockup Moody diagram.

The total pressure losses can now be calculated as follows in dependency of the airflow:

o ~ 20
=x 38 0, Gd S, 2y
A B

pa,y - pa,z = p;,loc,l pa,f@ pa,-’;)c,;

(7.23)
¢ 2

where X, Yand Zare coefficients as per the above descriptions, and the exponent of the middle term should
have a value between 1 (for laminar flow) and 2 (for fully developed turbulent flow).

The following approximate expressions can be derived to give the airflometsiu of the pressure difference:

b
G, =(AK),, (pa,y 'paYZ) (7.24)

b = 1: laminar flow;

b = 0.5: turbulent flow

For calculation purposes it can be advisable to split it up in a part that depends linearly pnetisaire

difference, and the rest:

Ga = (AK )ref (pa,y _pa,z ) T (pa,y pa,z ) (7.25)
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8 TRANSIENT (HEATMODISTURE
TRANSFER

Previous chapters have dealt with heat, air and moisture transport under the assumption of steady state
conditions. This was analyzed by setting up equations for conservation of heat and mass within a volume, e.g.
a room or a lump of marial, by assuming conditions were constant so there was no accumulation of heat or
mass within the volume. The amount of heat or mass going into the volume should always be balanced by the
amount going out.

.. .. dE
Heat: a Qin - aQout :E & (8.1)
Water . . dm
vapor. a Gv,in - an,out = dtv_ G (8.2)
Air: a Ga,in - é.Ga,out :dd% & (8:3)
Where

Q is theflow of heat, J/s =W

E is the enthalpy (heat) content, J

t is time, s

G is the flow of watewapor, kg/s

my is the watervaporcontent by mass, kg

G is the flow of air, kg/s
Ma is the mas of air, kg

However, most processes in réalildings are transient, i.e. time varying, so the steady state assumption
does not always give a good representation of the real conditions. We consider the transient conditions by
using the same conservation equation as above but without the assumptairtiie time derivatives of the
energy or mass contents are zero.

- . dE
Heat: an - aQout '_'E (8.4)
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Watervapor. aG,n- a6 ou ___dd_rr:\, (8.5)
_ " " dm
Alr: a Ga,in - aGa,out zd_ta (8.6)

The flows of heat are determined based on temperature or temperature gradients, e.g. as in the transport law
for heatflowbyad8 OG A2y | YR Ay C2 dzNA SaNdRaie détdrndined badedSon thé vdateds 2 F &
vaporpressure and gradients thereof, and while air flow is determined by air pressures.

So the conservation equations keep track of the balance of heat, and the masses ovaysieand air, while
temperature, watervaporpressure and air pressure constitutee driving potentials for the flows. F&®, G,
andG,in the above equations, we can insert the transport equations, which depend on those driving potentials.

In order to solve the equations we should know how the driving potentials are linked to thenptes which

are kept track of in the conservation equation. This we can do for each of the three parameters from the
conservation equations both in cases when the balance is set up for a volume of air, like in a room, or for a
volume of material.

For a wlume of air, the energy (heat) content in dependency of the temperature can be written as:

E=V,r.cT 8.7

The mass of wateraporcan be written as:

m, :Va Py /RVT (8.8)

And the mass of air can be written as:

m, :Va pa/RaT (8.9)
Where

Va is the volume of air, M
ra is the density of air, kg/f

Ca is thespecific heat (heat capacity) of air, Jikp
T is temperature, K

pv is the watervaporpressure, Pa

R is the gas constant for wateapor= 461.5 J/(kiK)
Pa is the air pressure, Pa
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Ry is the gas constant for atmospheric air = 287.1 JKkg

The ga constant for watevaporis equal to the universal gas constddt 8.314 J/(mole&) divided by the
molar mass of watedM2o= 18.02 g/mole, and likewise for the gas constant for atmospheric air with molar
massMa = 28.96 g/mole.

For a volume of material, the energy content in dependency of the temperature can be written as:

E=V _.r __.c

mat © mat

T (8.10)

mat

The mass of moisture in the material can be written as.

mHZO =Vmatr U( pv 'T) (8.11)

And the mass of air in the material can be written as:

m, :Vmat \pa/RaT (8.12)

Where

Vmat  is the volume of the material, ¥n

rmat is the density of the material, kg/m

cmat IS the specific hegtheat capacity) of the material, J/({kQ

Mu2o IS the mass of water in the material, of which most will be in an absorbed or condensed phase,
ie.themassofaporA Yy GKS YIFGSNRFfQa LBR2NBa OFy Yz2ald 2FGSy

u isthe moisturecontent by mass of the material, kg/kg
w is the moisture content by volume of the material, kg/fi
Y is the porosity of the materiat,

The above conservation equations can also be expressed in a rate formulation, i.e. by looking to how the same
congervation parameters and the associated potentials vary pr. unit of time in a transient situation.

For a zone of air:

dE _ dT
e =V,r.c, e (8.13)

1 Moisture content in a materiehn be given éierby masgu) or by volumew) of the materialWe prefer to use the
mass based moisture content, but will occasionally also refer to the use of the volume based value, which in that case
will be put in gray text.
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dm, _ V, dp,
dt  RT dt 819
dm, _ V, p,
dt R.T dt (819
For a lump of material:
dE _ dT
E ~ Vmat’ mat ¥mat E (8:16)
dmy o du dp,
O _ Y i A (8.17)
dt mat © mat dpv dt
dma _VmatJ/ dpa
dt  RT dt (818
Where
dd_u (or ) can be derived from the slope of the sorption curve and denotes moisture capacity of the
P,
material.
From each of the above six equations (8.13) -- (8.18) we can introduce six capacity coefficients

as the proportionality coefficients betweatriving potential and the associated parameter being kept track of
in the conservation equation:

For a zone of air:

Capacity coefficient for energypntent of an air zone = V,r.C, (8.19)
Capacity coefficient for vapour content of an air zone= I;/éll' (8.20)
\4
Capacity coefficient for mass of air of an air zore I;/iil_ (8.21)
a
For a lump of material:
Capacity coefficient foe energy content of a lump of materf@l Va7 matCrmat (8.22)
Capacitycoefficient for moisture content of a lump of material="v__ r (;j_u (8.23)
Py
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Capacity coefficient for mass of air of a lump of material Vina” (8.24)
a

There are two approaches to solving for the time evolution of the potentials from the above equations: Lumped
analyses and distributed solutions.

Lumped analysiassumes the object being studied to be under fully mixed ¢mmdi, i.e. for a room, that all
temperatures owvaporpressure are the same anywhere in the room. Or for a material, that it is so small or the
transport processes within the material are so easy or fast that all internal points of the material can be
assumed to have the same temperatuvaporpressure andanoisture content.

Distributed solutions,in contrast, do consider the distributions of temperaturevapor pressure that exist

within the rooms or materials. However, in this course we will not consider the distributions that ay exists with
rooms or othe air spaces, since that will require a complex fluid dynamics analysis (e.g. as solved numerically
with CFD; Computational Fluid Dynamics methods).

8.1 Biot number

To determine whether a lumped or distributed approach should be used, we can uB@tmeimber. TheBiot

number compares the internal resistance to flow inside of a material to the resistance to flow of transport from
the surface of a material to its ambient. For thermal processes, this is done by comparing the resistance to heat
conductance of piece of material of certain dimension, namely thecatled characteristic length, to the
convective surface heat transfer resistanBe,

L
Bi = internal resistance R qucion /- 025
external resistance R, 1 '
hS
Where

R is thermalresistance, tK/W

L is the characteristic length of the material, m

/ thermal conductivity of the material, W/(m-K)

hs surface heat transfer coefficient, W/@iK)

The characteristic length of a material can be calculated as its volume divided by ite sugfat = V/ As.

A Biot number also exists for the associated moistuwrapon transport processes. In a similar definition, the
Binumber for watewvaportransport can be fountty comparing the watevapordiffusion resistance of a piece
of material of dmension as the characteristic length, to the convective moisture transfer resistance.
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L
Bi. = internal resistance _Zp gifusion 026
v A .
external resistance  Z, .necion L
bP
Where

Z, is resistance to moisture transfer,2isPa/kg

L is thecharacteristic length of the material, m

o water vaporpermeability of the material, kg/(m-s-Pa)

3y surface coefficient for convective moisture transport, kgfigiPa)

If the Biotnumber is less than one 0.1, it indicates that the internal resistanceatsport is rather negligible
compared to the resistance between the ambient air and the surface of the material. The implication would be
that there are hardly any internal gradients in the driving potential compared to those over the surface of the
materal, i.e. for heat transport, that all internal temperatures can be assumed practically identical, or for
moisture, thatvaporpressure is everywhere the same within the material. We can then adopt lumped analysis,
whereas we would otherwise have to usetdbuted solutions

8.2 Lumped analysis (Bi < 0.1)

As an example of lumped analysis we will consider whpor pressure of a room assuming fully mixed
conditions. The room is initially at the samapor pressure as therapor pressure of the outside air that
surounds the room:

p,i(t=0) =3, (8.27)
Where

Pv.i indoorvaporpressure, Pa
Pv.e vaporpressure of the outdoor surrounding air (at all timgs,Pa

Until time t=0 there is no watevaporrelease in the room, but at=0 starts a constantapor production Gy,
kg/s.

¢CKS RAFFSNBYGALE SldzZ GAz2y G(KI G 32@SNbessurdiafted waeh T F SNB y
vaporbegins to be released into the room:

Vv, dp,;(t)
R T, dt

=G, Ga,vol/(RvTi)(pv,e By (t)) (8.28)

\'%
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A little more genericdrm of this equation can be put as:

dp,, (t)
Cap—*1=G_ €on (t (8.29)
p dt vp (pv,e pV,I ( ))
Where
Cap can be understood as@agcity coefficient cf. Equations (8.19)- (8.24).

Con can be understood as @ortact coefficient, which in this case represents the transmittance
between the indoor and outdooraporpressures.

TypicalCortact coefficients between spacesdtheir exterior environment:
For heat transfer by thermal transmittance and ventilation:
HU-A+Ca Gy [WIK]
Forvaportransfer by ventilation:
Gavol (R T) [kg/(siPa)]
For air transfer by ventilation:
ra-C [kag/(siPa)]
Where

U Thermaltransmittance, [W/(ndiK)]

A Area, n?
Gavol  Volumetric flow of air, [fis (=Gd/ 7 5)]
C air flow coefficient, [n¥(siPa)]

TypicalCortact coefficients which are relevant for materials and their surroundings:
For heat transfer by surface heat transfer or dantion within the material:
A-hy or A//d or AIR [WIK]
Forvaportransfer by surface moisture transfer or diffusion within the material:
A-b, or A-g/d or AZ, [kg/(sPa)]
For air transfer by ventilation:
AraKor A-Kd or AW [kg/(sPa)]
Where

d Transmission distance within the material, [m]
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K Air permeance, [#i(m?isiPa)]
k: Air permeability, [rd]
w Air flow resistance, [RisiPa/kg]

The solution to Equation (8.29)is:
G, a a-Con, ¢
(t) = + P ex t (8.30)
pv,l( ) Py e Congé pgeﬁ ¢
This is the typical equation for an exponential decline, e.g. of ameR@rk, seeFigure8.1.
RC Charging Circuit
http://www.electronics-tutorials.ws/rc/rc_1.html
Switch R T Period Sts;dygals
rangient Perig Ell
-/r’_..l M Tl e S = |
dharging . |
v |+ C == |
T- 9 E Capacitor Charging :
5 Voltage |
- 3 osw |
] |
|
|
|
- |
Vc=Vs(1-etmc) .
o j T 2r 3T 4T oT §T Time.t
Where:
Vc is the voltage across the capacitor
Vs is the supply voltage
tis the elapsed time since the application of the supply voltage
RC is the time constant of the RC charging circuit
Figure8.1 convection over a flat surface, with the velocity and thermal boundary layers.
The time constant is:
Cap
Con (8.31)

The time constant is the time after which 63% of the change has happened of what will be the new
equilibrium after a long time. E.g. for the case from before, the final equilibrium will be:

G G
pv,i (u):pv,e ﬁ pv:,e éLRVT (8.32)

a,vol
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8.3 Distributed solutions, step change of surfaaporpressure

We start the discussion of distributed solutions by illustrating transient moisture distribution ircallsal
semtiinfinite slab of material. Being sefimfinite means that the material has one surface that is exposed to
the ambient, and that the materigextends infinitely in the depth behind the surface. Initially, the uniformly
distributedvaporpressure in the slab &,0. At time,t = 0, thevaporpressure at the surface of the material is
suddenly changed to a new valyg,; and remains at thatevel. Thevapor pressure at a deptix within the
material at timet, can be calculated as (see alsgure8.2):

a x
P, (X )=p, 0+ (pv'l —pvyo) erfc e—— (8.33)

Bl

Where

efc Aa (GKS 0O2YLX SYS ydawslEnown3ridiNenaticaFfaiagtioni A 2 v €
_a
e

fmat

HP,

av is the moisturediffusivity a, =

The total mass of accumulated moisture in the slab can be calculated as (s€@als8.3):

2b -
M()= Ape — (pj— o) (839
Where
by is the moistureeffusivity b, =, (07 . _“H;J
v

The moisture effusivity indicates how muptoisture the material takes up from the surroundings when the
environment changes, i.e. its capacity to work as a moisture buffer.

The notion of a moisture penetration depth can be introduced as a measure of how deep the moisture profile
has penetrated ind the material after a certain time. For instance the depth at whichwygorpressure has
increased by half gby,1-pv,ois:

dp, 509, step =V € (8.35)
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Figure8.3 Total mass of accumulated moisture in the materials fFogure 8.2 over time.
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8.4 Distributed solutions, harmonic change of surfaegor
pressure

A similar story can be told, also for the sanfinite slab, in the case thahe surfacevaporpressure does not
change in a step from one level to another but continues to vary in a harmonic (e.g. sinusoidal) evolution
with time. py,ois the base level of the surfagsaporpressure (ak = 0), andpy,1now indicates the amplitude of
the periodic variation, which has periogl

p, (0, t)=p,, 0,:SiN(2 tpt,) (8.36)

Thevaporpressure at a deptik within the material at timet, can be calculated as (sEgue 8.4):

L a.x 0 2,§t X
X, t)= +p,; €X %— (3 |®—$ 8.37
pv( ) pv,O p 1 pg o if tq dp’V ( )

Where
do.v is the moisturepenetration depth for harmonic exposure as explained below, m

At a certain time, the accumulated mass of moisture taken up by the slab can be calculatedragi(see
8.5):

t é.2pt P
m(t) = b 1/—" cos +-1L 8.38
® Amat ¥ 20 Py 1 ?_tp 2 ( )

The moisture penetration depth in this case indicates the depth at which the amplitudeafi@ pressure
variations has been reduced to certain fraction of the amplitude at the surface. If the fraction is 36.7 %, we
have the depth which is most often refed to as the moisture penetration depth for periodic variation, and
which was referred to in Equatidh.39asd, v:

dpv =dp,36.7%, harmonic (8.39)
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8.5 Room with moisture buffer in the walls:

It is now possible to consideréhhumidity variation in a room when also considering the transient moisture
uptake and release from the materials that are in contact with the room air. Two common types of models
exist, which are referred to as:

- Effective Moisture Penetration Depth mod&MPD)
-  Effective Capacitance model (EC)

8.5.1 EMPDMODEL
Response of materials is approximated with a sht@yer lumped model, with a thickness equal to the
penetration depthd, v:

pu dpv mat (t) Py, (t)_ Py mat (t)
a d vimae ———— = a ’ ) 8.40
Anatdp, tupv dt A[nt]/bp+dp,v/(2g) (8.40)
Where
Pv.i vaporpressure of room air [Pa]
pv.mat vaporpressure in the material at depth,d from the exposed surface [Pa]
I p convective surface transfer coefficient fempor[kg/(m?isiPa)]
o vapor permeability of the material [kg/(rs-Pa)]
Term to be added to theaporbalance for the interior environment is here the blue one:
Va dpv,i (t) =K pv,i (t) - pv,mat (t)
RT dt a2 (8.42)
v i ]7/ p D,V/( g’) .

Figure8.6 illustrates the effect of this moisture buffering on the roamporpressure.
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Figure 8.6 Response of interiovaporpressure, coupled to mortar/brick walls.
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8.5.2 EGMODEL

Another simple way of taking into account for the moisture capacity of material layers in contact with the
indoor air is to add their capacity to capgodf zone air:

a Va U qpv,i avol
ﬁ‘l-Amatdp,v rmatmv 9‘? :GVP R,T (vae p‘7ri) (8.42)

The E@nodel thus assumes that theaporpressure in the zone air and in the material layers (ugstafrom
the material surface) is always the same (walls always in equilibrium with air)
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9 WHOLE BUILDING HEAIR AND
MOISTURE (HAM) TRANR

9.1 Introduction

The heat and moisture behavior of building envelopes is an important aspect of the overall performance of a
building.Today building design criteria are: (a) energy efficiency, (b) minimization of environmental impact and
(c) protection of the health andagety of the inhabitants. While critical information can be obtained by
investigating the one to one relationships of a building envelope to interior and exterior environments, the
total behavior of the actual whole building is not accounted for. Simutiaeéneat and mass transfer between
building envelopes and indoor air is complicated and expensive to measure in laboratory or field experiments.
Numerical modeling becomes an attractive alternative as it is important in understanding and extrapolating
expaimental results, as well extending and optimizing building performance. During the past ten gears,
number of computer codes/models have been developed and validated worldwide for analysis the
hygrothermal transport phenomena through a building enclosesposed to the exterior environment
(Trechsel, 2001). However, few models incorporate the critical hygrothermal interactions between the indoor
air and the building envelope.

Furthermore, in most applications, building envelope designers attempt to gretlie hygrothermal
performance of an individual building envelope, for example a wall, roof or basement by uncoupling the system
not only to the interior environment but the interactions of the other envelope components to both the
exterior and interior evironments. This onén-one interaction of a small part (section of a wall system
perhaps) of a building is termed today as stafehe-art. The stanehlone analysis of specific envelope parts

is important in understanding the influences of various colitng elements in terms of their effect on the
hygrothermal performance of the envelope, but provides limited performance information on the overall heat
and mass transfer of a building. An iterative open loop approach of complete hygrothermal analgsis of
building is demonstrated which requires the direct coupling of all building envelope systems with the interior
environment and mechanical systems (HVAC) and the exterior environmental loads

The objective of this chapter is to develop a model for préclictransient thermal and moisture transfer
behavior in aitconditioned buildings including building envelopes and indoor air. The whole building heat and
moisture transfer model takes into account the main hygrothermal effects: moisture sources anthsidks

a room, moisture input from the envelope, diffusion and vapor sorptiesorption at the exterior and interior

wall surfaces, heat sources and sinks inside the room, heat input from the envelope, the solar energy input
through walls and windows anldygrothermal sources and sinks due to-@inditioning systems etc. The
coupled system model is implemented in MATIiBulink, and is also validated by using a series of published
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testing tools. Fig. 12.1 depicts the concept of such an integrated modebvtalance equations for the interior
space and the different envelope parts have to be solved simultaneously.

Precipitation
Q Inside Outside

hhhh
v o

AL\ Temperature

Natural . Air-conditioning
Ventilation % system
Moisture < Y

Production

Heating ﬂ

Soil

Figure9.1 Whole building heat and moisture transfer conceptiéftifizel et al., 2005

9.2 Mathematical modeling

9.2.1 HEAT AND MOISTUREAWCE IN AIRONDITINED SPACE

Heat balance

Thermal model of the room is based on the WAVO model described by de Wit (2000). The model is developed
by these assumptions:

the room air has the uniform temperature,
the surface coefficients for convection and radiation are constant,

3. the view factorsare approximated with the integrating sphere values (long wave radiation is equally
distributed over the walls),

4. all radiative heat input (short wave and emitted long wave) is distributed in such a way that all surfaces
except windows (glazing) absorb tseme amount of that energy per unit of surface area.
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(1) Heat flow to the room

Transmission heat losses:

o . ain Tsur i
Qconstructbn = a A CQT ’ - ) (91)
i=1 R

Where, Sy is the number of attached construction blocRss the heat resistant (AKIW-1).

Ventilation heat losses:

. Sysnesnr
Qventilatim =r, Cmp O a ga,i (Ta,extk - Ta,in) (9-2)

i=1

Where,Ssnris the number of the attached system bloclsare all positive air flows to the room (rm)s

(2) Heat sources in the room

Depending on the heating (cooling) plant type, the heatmy s split into convective and radiative part. This
is also done for the casual and solar gains.

Solar heat gains coming through glazing areas:

Snr

Qsolar = a qsuni AI (9-3)
i=1

Where,gsuniiis the transmitted solar energy (8).is the area of thesurface numbet (m?).

Heat gains coming from the heating system or casual gains (they are already divided in a convective and a
radiation part at the input to the zone 1):

Gnr

anins = a. (aninsconv + aninsrad ) (9-4)

i=1

Where, Gy is the number of attached gain blocks.

The convective part of all heat souraeesis:

F c = CFSO| dDsolar + aninsconv (9-5)
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where Ckorepresents the convective fraction of solar heat gains.

The radiation part of all heat sourcssis:

F r = (1_ CFSOl) stolar + aninsrad (96)

The total energy balance equation can be expressed as follows:

dT,;
fan de;gln = Qconstructbns + Qventilatim +F c (97)

Where,c; is the air volume heat capacity (J'Hg').

Moisture balance
(1) Moisture flows in the room

Vapor diffusion from/toconstruction elements:

J _ o A CQva,in - Vsurf,i)
constructon a R

i=1 p,i

(9.8)

Where,R,is the vapor diffusion resistant (s vsuris the vapor content at the construction surface (kg m
3). vajnis the vapor content of the indoor air (kg3n

Vapor infiltration throudp ventilation systems:

SysnsSnr

'Jventilaticn =r, O a ga,k Clﬁva,ext,k - Va,in) (9.9)
i=1

Where g, are all positive air flows to the room (m)sva ext. is the vapor content of the outdoor air (kg3n

(2) Moisture gains (from people, appliances, etc.):

Gnr
Jgains = a constant orfunction defined by user (9.10)
i=1
(3) The moisture balance equation reads
v Lain - 5 +J +J
dt — “constructons ventilation gains (9'11)
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Where,Vis the air volume ().

The moisture content in the air is limited to saturation values(T) In the case that this level is exceeded, it
is assumed that the condensed amount of water is taken by some other sink, as well as released heat.

9.2.2 HEAT AND MOISTURRANSFER AT TBHIERIOR SURFACE

The model assumes that the external wall surface is exposed to convective heat and moisture exchange with
outdoor air, incident solar radiation, and long wave radiation, transfer of latent heat, air and rain. All outdoor
influences are lumgd into equivalent outdoor surface air temperature.

Moisture transfer

The total moisture flux (vapor fluk)ex(kg m?s?) at the exterior surface of buildings can be divided into two
cases.

(2)when the air is flowing into the structure:

Juext = Bexi(Vaext = Vsurt.ex) T JaVaext (9.12)
(2)when the air is flowing out from the structure:

Juexe = Bext(Vaext = Vsurt ext) T JaVsurt ext (9.13)

where, Vaextis the outdoor ambient vapor content (kg3 vsurtextiS the vapor content at the exterior surface
of the wall (kg n¥),i exis the convective moisture transfer coefficient at the exterior surfacetmn s

Suction of water from driving rain only takes place for capillary active surfaces. The moistunet edstieface
is limited towcap.

Heat transfer
The heat fluxgex (W m?s?) at the exterior surface can be expressed as:

(1) when the air is flowing into the building envelope:

qexl’l = ae,ext(TeXteq_ Tsurf,ext) + garanTa,ext + jv,exthLV (914)

(2) when the air is flowing out from the kding envelope:
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qextz = ae,ext - T urf,ext) + gar c T + jv,exthLV (915)

ext s a~’p " surf,ext

where, an effective heat transfer coefficiens exthas been introduced:

ae,ext = ac,ext + ar

The convective heat transfer coefficieht .x depends on air flow velocities and temperature differences
between the surface and the air. The radiative heat transfer coeffitiet¢pends on the temperature of the
surroundings (sky temperature) and the temperature of the surface as well as theiatyis$ the surface.
The equivalent temperature is:

Texteq = T + i (l sol @ sol-l_(Tr - Ta,ext)(}r ) (9-16)

a,ext
e.ext

where, the solar radiation component, parallel to the normal of the structure, including both diffuse and direct
radiation (global radiation), is denoted hyi (W n?). The ambient air temperature & x. The temperature

T depends on the surrounding surfaces and the atmosphere that has a long wave radiation exchange with the
outer surface. The solar radiation terms must be obtained from metrological registratides) tato account
possible shading due to local conditions. In a similar way the radiation temperBfuwan be calculated using

the cloudiness, the air temperature, the inclination of the building envelope component and the local
surroundings.

9.2.3 HEAT ANMOISTURE TRANSFERHKE INTERIOR SUFRFA

The internal wall surface is exposed to convective heat and moisture exchange, long wave radiation with other
surfaces, and transfer of latent heat with inner air. All these influences are lumped into equivaleor i
surface air temperature.

Moisture transfer
The total moisture flux (vapor fluk)in(kg m?s?) at the interior surface consists of two parts:

(1) when the air is flowing into the structure:
jv,inl = bin (Va,in - Vsurf,in) + GaVain (9.17)
(2)when the air ilowing out from the structure:

jv,in2 = bin (Va,in = Vsurt ,in) + gavsurf,in (9-18)
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where, vain is the indoor ambient vapor content (kg3 vsurtiniS the vapor content at the interior surface of
the wall (kg ), in is the convective moisture transfer coefficient agtinterior surface (m.

Heat transfer
The heat fluxg (W m%s?) at the interior surface also consists of two cases:

(1) when the air is flowing into the building envelopes:

qinl = ae,in ineq - Tsurf,in) + gar c T + jv,inhLV (919)

a~p "a,n
(2) when the air is flowing out from the hiling envelopes:

qin2 :ae,in ineq - Tsurf,in) + gar Cc T + jv,inhLV (920)

a~’p "surf,in

In the current research, the indoor equivalent temperat(i® equals to the indoor air temperature.

9.3 Model validations

9.3.1 OVERVIEW

The testing and validation of a new simulation model requiedisble test suites with well documented initial

and boundary conditions, as well as accurate material properties. Generally, the validation methodology
includes three different kinds of tests: (1) Analytical verification, in which the output from thgraumois
compared to the result from a known analytical solution. (2) Comparative testing, in which a program is
compared to itself or to other programs. (3) Empirical validation, in which calculated results from a program
are compared to monitored data fro a real structure, test cell, or laboratory experiment.

International Energy Agency (IEA) has published a series of test suites for whole building energy simulation,
which mainly include: IEA BESTEST (1995), IEABBSNEST (2000), and IEA ECBCS Anh8KEI1Task 12

etc. Recently, IEA Annex 41 has added many analysis of the indoor and building envelope moisture conditions

for the BESTEST building used in IEA ECBCS Annex 21 / SHC Task 12. These published test suites are used to
validate the present modelComprehensive testing and validations are carried out. Three different test
methods are presented in the chapter.

9.3.2 COMPARATIVE TESTS

In the past twenty years, many computer programs have been developed for coupled heat and moisture
transfer in buildingsA critical review was carried out by Hens (1996), and a comprehensive list of studies and
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computer codes to quantify the hygrothermal transport in building was listed in their reports. However, most
of these codes are not commercially available, andarly for internal use at a given research facility or
university. In this section, we will first briefly discuss some recent computer codes that are available in public
domain and validated by experiments.

The simulation tools used in this comparative tase EnergyPlus, TRNSYS, and A8/ EnergyPlus and
TRNSYS are two of the most widely used building simulation codes. They have been validated and tested
worldwide. HAMVIE is also a computer code to predict the hygrothermal transfer in buildings, whish w
developed by the Vienna University of Technology (Technische Universitdt Wien, TUW). The IEA BESTEST
building from IEA SHC Task 21 & ECBCS Annex 21 was used in the test. The geometry of the IEA BESTEST building
is shown in Fig. 5.25. There is an intémaisture gain of 500 g*from 9:00- 17:00 every day. The air change

rate is always 0.5 ach. The heating and cooling control keeps the indoor temperature between 20 and 27°C
with an infinite capacity. The system is a 100% convective air system attebtheostat is on air temperature.

Table 1 shows the wall geometry of the lightweight c&&s€600_open). Detailed material properties can be

found in Annex A and also in the BESTEST report (IEA 2005). The room is supposed to be located in Denver. The
weather file is provided.
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Figure9.2 BESTE®®Ese case building

Table9.1 Wall geometry of Lightweight ca@00-Open (IEA 2005)

Component Area Structure Thickness
() (m)
Exterior wall (inside to outside) 63.600 Wood panels 0.012
Cellulose insulation 0.066
Wood siding 0.009
Floor (inside to outside) 48.000 Timber flooring 0.025
Insulation 1.003
Roof (inside tmutside) 48.000 Wood panels 0.010
Cellulose insulation 0.1118
Roof deck 0.019

It is a benchmark work. The simulated result of EnergyPlus is reported by the Oak Ridge National Laboratory,
USA. The result of TRNSYS is reported by the Technische Universitat Dresden, Germany. And the result of HAM
VIE is reported by the Vienna Univeysitf Technology, Austria. All these data are obtained from (IEA 2005).
The calculations were run for as many years as it was necessary to achievste@dgiconditions. The results

were reported for the last year of calculation. The calculated indoatived humidity during one day (July

27th) from the present model and EnergyPlus, TRNSYS and/HAMe presented in Fig3.

105



DTU Byg Course 11122 Heat and mass transfer in buildings

70.00
= 60.00
2
£ 50.00
S

40.00 ————— A —
F  30.00 f
(O]
x

20.00

1000 T T T T T T T T T T T T T T T T T T T T T T T

0 5 10 15 20
Time (h)
—— Current model —— HAM-VIE (TUW)
EnergyPlus (ORNL) —— TRNSYS ITT (TUD)

Figure9.3 The comparison of simulated results from the present model and from other programs (July 27th)
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9.3.3 ANALYTICAL VERIFION

IEA Annex 4l1subtaskl (IEA 2005) also provides a collection of mathematical solutions for isothermal cases.
For Case 0B, theuilding and its geometry is the same as that of the comparative test. Compared to the
previous comparative test, the following changes are made for the analytical case:

(1) The altitude is 0 m;
(2) Constructions are made of monolithic aerated concrete with cantgpaoperties;
(3) Tight membranes on the outside prevent loss of vapor from the building by transport all the way
through the walls;
(4) The exposure is completely isothermal, i.e. the same temperature outside as inside the building.
(5) The building has no windows;
(6) Outside and initial indoor conditions are Temperature 20°C and relative humidity is 30% RH. There are
also initial conditions of materials in the constructions;
(7) The environment below the building is outside air (i.e. no ground);
(8) The building is shown ing=9.2 (with windows that should be neglected).
A constant vapor convective surface resistance to vapor transfer of 5.@&l6% s kg' is given for the indoor
boundaries. The material properties are constant and can be found in Annex B. The comparison of simulated
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results from the model for the periodic state of case 0B with the analytical solution provided by IEA report is
presented. Pdect agreement is obtained.
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Figure9.4 The comparison of simulated results from the modéh the analytical solution

9.3.4 EMPIRICAL VALIDAYIO

Recently, IEA annex41E3 (Kristin et al. 2006) has published a series of experimental tests for the ealidati
of the whole building hygrothermal performance. The measurements were carried out in Fradhstfert
Fur Bauphysik, Germany.

The test rooms have a floor area of 2G amd a volume of 50 M A vinyl covering was installed in order to
avoid moisture tbw to or from the ground. The exterior surfaces of the ceiling and partition walls are facing
the conditioned space of the test building. The external walls consist of 240 mm thick brick masonry with 100
mm exterior insulation. Walls and ceiling of theones are coated with 12 mm standard interior plaster. The
doubleglazed windows are facing south. The rooms are equipped with calibrated heating, ventilation and
moisture production systems. Temperature sensors and heat flux meters are also fixed tcetier istirface

of external walls. The tests are performed with a constant air change rate (ACH) df @%asic production

rate of 0.5 g nth™! is assumed with peaks in the morning and in the evening (8 lrhfrom 6:00 to 8:00 a.m.

and 4 g mh! from 4:00 to 10:00 p.m. every dawll information of the experimental satp can be found in
(Kristin et al. 2006).
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Figure9.5 The comparison of simulated results with the measured data

(17 Jan. 200g 19 Jan. 2005)

Fig.9.5 shows the comparison between experiment and simulation. The calculated indoor relative humidity is
slightly larger than the measured data. It is assumed that the moisture buffering effect of the envelope retards
the dynamic equilibrium in the experimeritlevertheless, a considerably good agreement is found between
the predicted results and the measures values. Consequently, it shows that the model presented above with a
developed computer program is capable of simulating the whole building heat and necistasfer.

9.4 Case study

After being validated, the model is applied to investigate the moisture transfer effect on indoor air humidity
and building energy consumption under different climate. Two simulation cases are chosen. The BESTEST test
room is assumed to be transferred toohj Kong, China (hot and humid climate) and to Paris, France
(Temperate climate) where it serves as a typical office room. The building geometry is presente®.ix Fig.

The interior surfaces of the walls and ceiling are facing the conditioned space.i$har moisture flux from

or to the ground. The room isccupied during the daytime from 9:00 a.m. to 5:00 p.m. and unoccupied the

rest of the dayDetailed material properties can be found in the BESTEST report (IEA 2005).

In the following sections, ght different simulations will be carried out, and they are:
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Case | (Hong Kong Climate)

Case .1  Simulation with taking into account the whole building heat and moisture transfer,

with air-conditioning system

Case 1.2 Simulation withoutaking into account the whole building heat and moisture trans

and with airconditioning system

Case 1.3 Simulation with taking into account the whole building heat and moisture transfer.

no airconditioning system

Case 1.4  Simulationwithout taking into account the whole building heat and moisture trans

but no airconditioning system

Case Il (Paris Climate)

Case Il.1  Simulation with taking into account the whole building heat and moisture transfer,

with air-conditioning syem

Case 1.2 Simulation without taking into account the whole building heat and moisture tran:

and with airconditioning system

Case 1.3 Simulation with taking into account the whole building heat and moisture transfer.

no airconditioning systm

Case Il.4  Simulation without taking into account the whole building heat and moisture tran:

but no airconditioning system

Ly GKS OFrasSa 2F (KS asK2tS odAt RAY3 KSI

FYR Y2Aaildz

effects: moisture sources and sinks inside a room, moisture input from the envelope, diffusion and vapor

absorptiondesorption at the exterior and interior wall surfaces, heat sources and sinks inside the room, heat

input from the envelope, the solar engrgnput through windows and hygrothermal sources and sinks due to

air-conditioning systems etc.

In the cases that do not take into account the whole building moisture transfer, we only include: moisture

sources and sinks inside a room, heat sources amnid siside the room, heat input from the envelope, the

solar energy input through windows and hygrothermal sources and sinks duedordlitioning systems etc.

An aluminium covering was installed at the interior wall surfaces in order to avoid moiktwreofor from the

room. Therefore, there is nmoisture input from the envelope, no diffusion and vapor absorpti@sorption

at interior wall surfaces,

9.4.1 CASEqHOT AND HUWID CLIMATE (HONGN® CHINA)

Hong Kong has a sdifopical climate with hot, hurd summers and warm winters. Winter lasts from January

to March, the coldest month being February when the temperature averages 16°C in urban areas. Therefore,

normally there is no heating system for most residential buildings in Hong Kong. In summeo @ttgber),
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the wind blows from the south, bringing in hot and humid air. Afternoon temperatures often exceed 33 °C
whereas at night, temperatures generally remain around 26 °C with high humidity.

In this section, the test room used for the experimentlidation is assumed to be transferred to Hong Kong,
China where it serves as a typical office rodime room isoccupied during the daytime from 9:00 a.m. to 5:00
p.m.; and unoccupied the rest of the day. When the room is occupied, there is an interior heat and moisture
production rate of 500 W and 3 g ! respectively. During the unoccupied period, the interloeat
production decreases to 120 W and the moisture production decreases to 0.8hg. ihe sefpoints of
working temperature and relative humidity for the aionditioning system are 26 °C and 65% respectively. The
AC system only works during the ocagperiod.

The simulated evolutions of the indoor temperature and relative humidity with or without taking into account
the whole building moisture transfer are also presented in Eigsg 9.9.

—— Outdoor

—— Cal. with whole buiding heat and moisture trans

5 —WH—mWH——

0 720 1440 2160 2880 3600 4320 5040 5760 6480 7200 7920 8640
t (hour)

Figure9.6 Simulated indoor temperaturéCase 1.1)
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Figure 9.7 Simulated indoor relative humidity (Case 1.1)
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Figure9.8 Simulated temperature (Case 1.2)
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Figure9.9 Simulated indoor relative humidifCase 1.2)
In order to clearly demonstrate the difference between the two cases, simulated indoor temperature and
indoor relative humidity of one week in summer and one week in winter are presented i®Higg.9.13.
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Figure9.10 Simulated indootemperature (August$-7") in Hong Kong
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Figure9.11 Simulated indoor relative humidity (August ") in Hong Kong
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Figure9.12 Simulated indoor temperature (Decembet ™) in Hong Kong
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Figure9.13 Simulated indoor relativeumidity (December sL-7) in Hong Kong

The results reveal that moisture transfer through the building envelope and vapor soqegorTption at the
interior wall surface have a great effect on the indoor relative humidity. In the case that includss the
phenomena, the indoor relative humidity stays below 70% during the-sfiygeriod of airconditioning system

in summer. However, in the case without taking into account these phenomena, the maximum indoor relative
humidity exceeds 80% during the shuff period every day in summeEven in winter, the indoor relative
humidity exceeds 80% four times perekeAccording to Sedlbauer (2001), the risk of mold formation increases
when the relative humidity in a room goes beyond 80% several times a weekxtrendehumidification
procedure might be used.

Fig.9.13 shows that the indoor air temperature is nearly the same for both cases. This means the moisture
transfer in the building construction has a significant influence on the latent cooling load while does not affect
the sensible cooling load too much. The i@mresults can also be found iKi{nzel et al., 2005) antMéndes

et al., 2003.

As a reference, simulations of the same room without HVAC system were also carried out. The interior
conditions and outdoor climate are the same as the case with HVAGrsyEte results are presented in Figs.
9.14¢9.17.
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Figure9.14 Simulated indoor temperature (Case 1.3)
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Figure9.15 Simulated indoor relative humidiCase 1.3)
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Figure9.16 Simulated indoor temperatur@Case 1.4)
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Figure9.17 Simulatedndoor relative humidity (Case 1.4)

116



DTU Byg Course 11122 Heat and mass transfer in buildings

9.4.2 CASE HTEMPERATELIMATE (PARIS, FBEN

The hot and humid climate of Hong Kong may not be representative for the temperate climate in Europe.
Therefore, the hygrothermal simulation is repeated for Pdfiance

tF NAE KFa | GSYLISNIGS OtAYFHGS® ¢KS RIAfE@ F@SNF IS
Therefore, most French residential buildings are only equipped with heating system and ventilation system. In
this simulation casehe room isoccipied during the daytime from 9:00 a.m. to 5:00 p.m.; and unoccupied the

rest of the day. When the room is occupied, there is an interior heat and moisture production rate of 500 W
and 3 g mth respectively. During the unoccupied period, the interior hemtduction decreases to 120 W and

the moisture production decreases to 0.5¢'imt. The ventilation system provides constantly 0.5 Alt¢.set

points of heating temperature and cooling temperature for the-@nditioning system are 18°C and 26 °C
respedively. The dehumidification system keeps the indoor relative humidity below 65%. The AC system only
works during the occupied period.

The simulated evolutions of the indoor temperature and relative humidity with or without taking into account
the whole bulding moisture transfer are also presented in F83$8¢ 9.21
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Figure9.18 Simulated indoor temperature (Case 11.1)
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Figure9.19 Simulated indoor relative humidity (Case 11.1)
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Figure9.20 Simulated indoor temperature (Case 11.2)
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Figure9.21 Simulated indoor relative humidity (Case 11.2)

Simulated indoor temperature and indoor relative humidity of one week in summer and one week in winter
are presented in Fig8.22-9.25.
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Figure9.22 Simulated indoor temperature (August 17™) in Paris
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Figure9.23 Simulated indoor relative humidity (August /™) in Paris
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Figure9.24 Simulated indoor temperature (Decembet /") in Paris
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Figure9.25 Simulated indoor relative humidity (Decembeét-T™) in Paris

For temperate climate, the indoor relative humidity stays well low 80% in summer in both cases with and
without these phenomena. No more extra dehumidification procedure is needed.

However, in winter, the indoor relative humidity exceeds 80% during theatf period of the airconditioning
423GSY 6KSy 6S R2SayQi GIFr1S Aya2 | 002dzyi GKS gK2f€ S
includes these phenomena, indoor relative humidity stays below 75%. It is important to note that relative
humidity is not an important comfort parameter at low temperature, but has a strong effect on the risk of
condensation andnoldgrowth during the heating season (Sundell, 1996). An extra dehumidification procedure

is required for case I1.4 during the winter.

Asa reference, the calculated indoor temperature and relative humidity for the same room without HVAC
system (Case 11.3 and Case 11.4) are presented irBF2§s.9. 29
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Figure9.26 Simulated indoor temperaturéCase 11.3)
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Figure9.27 Smulatedindoor relative humidity (Case 11.3)
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Furthermore, the simulations show that the indoor air temperature is nearly the same fordasths. This
means the moisture transfer in the building construction has a significant influence on the latent cooling load
while does not affect the sensible cooling load too much. The effect of hygrothermal transfer in building
envelopes on energy consuyation will be discussed in the following section.

9.4.3 ENERGY IMPACTS W6ROTHERMAL TRANS¥BRILDING ENVEESP

Moisture migrating through building envelopes has effect on indoor climate, comfort and air quality, but the
effect of hygrothermal transfenibuilding envelopes on energy consumption has not been studied to the same
degree. In this section, we attempt to address the question of whether the hygrothermal transfer in building
walls can reduce the energy needed to heat, cool and ventilate buddifige main intent is to identify the
magnitude of possible savings and suggest the most promising areas of future work.

To accomplish this, results from the simulation presenteth@ésection, which are for a residential room in a
wooden apartment builehg in Hong Kong and Paris, will be extrapolated to estimate the potential magnitude
of energy savings. In this research, potential savings are savings in the required heating and cooling of a building.

Heating energy

In the heating season, direct energgivings are possible because moisture accumulation in hygroscopic
materials releases 2.5 kJkgf moisture, which will decrease the required heating energy. Since humans are
an important source of moisture in buildings, this moisture accumulation willrodaring occupation. The
energy required to heat the room in Paris during the occupied hours{B70D) for the cases with and without
taking into account the whole building hygrothermal transfer is presented in abléNormally, there is no
heatingseason in Hong Kong. So we only discuss the heating energy of the case in Paris.

Table9.2 Heating energy and energy saving (%) (Paris)

heating energy (kWh rha't)
With whole building heat Without whole building heat Energy saving

and moisture transfer and moisture transfer (%)
(Case 1) (Case 2)
Paris 79.17 84.31 6.5

Table9.2 shows that the energy consumption during occupation is about 6.5% lower in the case 1 (with whole
building hygrothermal transfer) than in the case 2 (without whole building hygrothermal transfer), which
means that moisture accumulation in the buildingaterials during occupation can decrease the needed
heating energy. On the other hand, energy is needed to dry the moisture from these materials during
unoccupied periods if a building is continuously conditioned regardless of occupation. And the nés st
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the total energy saving of the case 1 (with whole building hygrothermal transfer) is about 4% lower than in the
case 2 (without whole building hygrothermal transfer).

The results show that it may be possible to save heating energy with hygrosoapérials, but a control
strategy is required to realize these savings. Such control strategies could be temperature and ventilation set
back during unoccupied periods.

Cooling energy

During the cooling season, hygroscopic materials are able to redecendtoor humidity and consequently
reduce the indoor enthalpy. Decreasing the enthalpy of indoor air decreases the energy required to cool the
building and also improves the indoor air quality. The potential for hygroscopic materials to reduce cooling
energy consumption can be estimated from the calculated indoor enthalpy.

Table9.3 Cooling energy and energy saving (%) (Paris and Hong Kong)

With whole building heat  Without whole building Energy

and moisture transfer heat and moisture saving (%)
(Case 1) transfer (Case 2)

Paris Cooling energy 45.83 49.05 7
(kWh m?a?)
peak cooling 0.97 1.067 10
demand (kW)

Hong Kong  Cooling energy 204.23 234.86 15
(kWh m?al)
peak cooling 1.66 2.158 30

demand (kW)

Table9.3 shows that the required cooling energy during occupation is lower (from 7% in Paris to 11.2% in Hong
Kong) with whole building hygrothermal transfer than without taking into account the moisture transfer. The
peak cooling demand is also lower (from lid®®aris to 30% in Hong Kong) with whole building hygrothermal
transfer than without taking into account the moisture transfer. Similarly, as discussed before, a control
strategy is needed to realize these savings because they represent the energy cdnauangtdemand during
occupied hours.

125



DTU Byg Course 11122 Heat and mass transfer in buildings

We also carried out the simulation for the case when a building is continuously conditioned regardless of
occupation. The result shows that the savings in cooling energy consumption for all hours during the year are
lower than during occupation which is similar to the findings of Fairey and Kerestecioglu (1985). Simulation
results (Fairey et al., 1985) show that if a building is continuously conditioned (24 hours/day), the cooling
energy savings due to hygrothermalrisder are in the order of 5% (for the month of July in Hong Kong), but if
ventilation and cooling are controlled according to occupation greater savings can be realized. It is expected
that a control strategy to optimize the benefits of hygroscopic masslavibe similar to that recommended to
optimize the benefits of thermal mass for the cooling of buildings (e.g. Keeney et al., 1996, Andresen et al.,
1992, Braun, 1990).

Furthermore, peak cooling loads can be reduced by as much as 50% by precoolindding Iougss during
unoccupied periods (Andresen et al., 1992), but such savings can be overestimated if the moisture adsorbed in
the building structure during unoccupied periods is not included (Fairey et al., 1985). Nevertheless, it is not
unreasonable te@xpect peak cooling load reductions of¢gB0% when hygroscopic materials are applied. This
could have a large impact on the size, cost and efficiency of cooling equipment in buildings.

Summary of potential energy savings

Table 5.4 summarizes the magnitudethe potential savings of heating and cooling energy considering the
occupied hours. Itis assumed that the HVAC control system is optimized to take advantage of the lower heating
and cooling loads during occupation. As mentioned above, the total ligatioling energy savings are relative

to the total heating/cooling energy consumption (i.e., including both occupied and unoccupied hours) and are
therefore lower than the relative savings presented in the table.

It is important to note that these valuee estimates based on numerical simulation and must be used with
caution. The similar research can be found in the literature (Fang et al., 1999, Fairey et al., 1985, Seppanen,
1999, Liu et al. 1999, and Woloszyn et al. 2000).

Table9.4 Potential redudgbn in consumption (%) of heating and cooling energy when taking into account the
whole building heat and moisture transfer

Heating (%) Cooling (%)
Optimized control of HVAC system 4-6.5 7-15
Reduction in energy demand 0-3.5 10-30
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9.5 Conclusions

The coupled heat and moisture transfer in building envelopes has an important influence on the indoor air
environment and the overall performance of -aionditioned buildings. In the chapter, a model for predicting
the whole building heat moiste transfer was developed. The model was implemented in MABimBIink,

and was validated by performing a series of testing and validation tools.

The model was applied to investigate the effect of moisture transfer on indoor air humidity and builéirgy en
consumption under different climate. Two simulation cases were chosen. The test room is assumed in hot and
humid climates (e.g. Hong Kong, China) and in temperate climates (e.g. Paris, France) where it serves as a
typical office room. The results camh that moisture transfer through the building walls and vapor sorption
desorption at the interior wall surface have a great effect on the indoor relative humidity. In the case that
includes these phenomena, the indoor relative humidity stays below 704aglthe shutoff period of air
conditioning system. However, in the case without taking into account these phenomena, the maximum indoor
relative humidity exceeds 80%. The high indoor humidity will dramatically increase the risk of mold formation
and resut in numerous health problems. An extra dehumidification demand is needed.

The research also indicates that moisture transfer has the potential to reduce the energy consumption of
buildings, and the most promising energy savings are for buildings withanéal cooling equipment located

in hot and humid climates, but there are potential savings in all climates if the HVAC system can be optimally
controlled to regulate the indoor climate, comfort and air quality. According to the current simulations, the
potential energy savings are relatively small for heating (about 4% of the total heating energy), but significant
for cooling (£30% of the total cooling energy). The peak cooling demand is also lower (from 10% in Paris to
30% in Hong Kong) with whole ldifig hygrothermal transfer than without taking into account the moisture
transfer. However, these savings require the integration of hygroscopic materials andentediled HVAC
system.
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10HYGROTHERMAL ASSIEBSM
METHODS

. aAaSR 2y & D dzude $ffbailgirtg Pphyskcal Mbdélliigmethods and tools in the development of
ddzali Ayl oftS NBFAdNDPAAKYSYyld (SOKy2ft23A848 F2N) SEGSNY!
Refurbishment of Building Facades and External Walls), 7th framework programittex imr201011 by Ruut

Peuhkuri (that time at VTT Technical Research Centre of Finland) with contributions from Sverre Holgs (SINTEF;
Norway), Stig Geving (SINTEF), Jonas Holme (SINTEF), Christopher Tweed (Cardiff University, Wales) and Kruti
Gandhi (Catiff University).

Introduction
This note is an introduction to assessment methods that use building physical modelling methods and tools

and contains following main topics:

0 A short description of some main methods and tools for building physical assessment
o Definition of some performance criteria for building physical assessment that can be used
o0 Guidelines for the building physical calculatie®sprocedure with an assessmteexample

The objective of this note is to give guidelines for how knowledge on building physics and modelling methods
and tools can be used to assess and improve the hygrothermal performance of building constructions. The
assessment can be seen as ardtion process where the best solution for any actual case is found by
optimising, among others,

o thermal performance of the envelope: reduction of the heat losses through the envelope,
minimising thermal bridges
moisture performance of the envelope: enguy drying capacity, avoiding condensation
durability of the constructions: reduction of the risk foold and decay
indoor air quality and comfort: thermal symmetry, no draft, control of humidity

The building physics modelling is here understood as tiayais on the constructions only. The whole building
analysis is another but related topic for impact on the space heating/cooling energy demand and on the
resulting indoor climate.
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10.1Methods and tools for building physical assessment

Building physics mbout understanding and analysing the heat, air and moisture (HAM) interacti@msport

and storage- in and around building materials and constructions. This complicated theoretical analysis is
typically implemented in more and more advanced simulatmd modelling tools. The simulation algorithms
solve the coupled heat, air and moisture (=hygrothermal) states throughout the control volumes to be studied
as a function of time and place. Therefore, the dynamic simulations with hygrothermal simutadisrate an
important and even necessary part of the assessment work. Some of the most used and verified simulation
tools for hygrothermal analysis of building constructions are WUFI, DELPHIN and Match. In addition there are
quite a few tools for pure thenal assessment, mostly two dimensional simulation tools for assessment of the
thermal bridges. The coupled heat and moisture transport, however, is necessary to be analysed in order to
assess almost any moisture related performance criteria. More abeutdtbls later in this section.

The hygrothermal impacts on a building and the thermal envelope are illustratéiduinel0.1.

Inside Outside

Precipitation Relative
N Temperature

Air

Conditioning

. )=
atural Ventilation
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Production 7%
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Solar v
Humidity

Radiation
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Outside
Heating

Figure10.1 lllustration of the HAM impacts and mechanisms in and around an exterior wall (Sedlbauer, Kiinzel and Holm,
2004).

Moisture in a porous material can be transported either as watgroror as liquid water, or as a combination

of these two phases in the pores. The solid matrix is normally not active in the transport. Moisture transport
can either be diffusive or convective. Diffusive transport is proportional to the gradient of the driving force(s),
a proportionality coefficient being a rtexial parameter which is determined experimentally, e.g. watpor
permeability. The convective flux is a product of the vehicle flux, e.g. air, and the transported density of
moisture.

All the simulation tools for hygrothermal analysis consider uswediter vapor diffusion that is transport of
moisture in the air, typically in the pores of a material. This is the predominant transport mechanism in a very
porous material (e.g. mineral wool). If the pores of the material are very microscopic (e.g.tepacrd/or the
material is very wet (e.g. wet wood), the capillary transport will be dominating. This capillary transport is
included at least in WUFI, DELPHIN and Matdfiglrel0.2 are shown some of the central moisture transport
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mechanisms within a porous material and some of the driving potentials. Beside the wegterpressure,
temperature is a driving force for apled heat, air and moisture transport.

Convective moisture transfer takes place in air gaps of a construction and in very open porous materials like
lightweight insulation materials. The driving force can be the air pressure difference due to the teurperat
gradient within the material that enables natural convection. Alternatively, the convection can be forced by air
pressure through any air leakages in the envelope. Hygrothermal convection is normally modelled physically
correct only in the most advande2D tools.

Exterior Interior

Vapor Diffusion

Dry

Figure10.2 The different transport mechanisms of moisture within a porous building material. The transport mechanism is
governed by the moisture content and the porosity of the matesaurce http://www.wufi-pro.com/

Depending on the construction type to be analyzed, the most suitable calculation and simulation tools should
be chosen.

0 1D coupled heat and moisture calculations tool HAMtools (e.g. WUHPro (Fraunhofer
IBP n.d,)DELPHIXBauklimatik Dresde n.d.Match (Bygge og Miljgteknik AS n.d.)are the
best choice for constructions and solutions consisting of just homogenous layers. Ventilated
cavities can be studied simplified with these tools, too.

0 2D coupled heat and moisture calculations tooD HAM-tools (e.g. 2D versions of WUFI
and DELPHIN) should be used for constructions containing inhomogeneus layers, e.g. masonry
walls, stud walls and ventilation cavities. 3D effects must be taken ctouet by qualified
modification of the model, together with a possible 3D thermal calculation.

o Constructions with complicated cavities or elements with active fluids like air or water/brine
should be modelled with muHlphysics or CRols (ComputationbFluid Dynamics tools) (e.g.
ComsoCOMSOL n.d Fluent(ANSYS n.4.)
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Generally, onalimensional (1D) HANbols are sufficient for most of the analysis with skilled expert be.
computation of coupled heat and moisture transport in two dimensions (2D) is usually vergdimseming

and the detailed information from a 2D or even 3D calculation may be overruled by other uncertainties. For
instance, the thick stone wall constitions may prove a problem because many stone types are impervious to
moisture penetration but the mortar in between stones is not. Strictly speaking, this should require a 2D model,
but it may prove difficult to get reliable input data for all of the wais material properties. Pure heat
transmission tools (in 2D and 3D) are very usable for optimisation of the thermal bridges and assessment of
the critical surface temperatures for e mold risk.

Basically, advanced statd-art building physics tools aneecommended for research purposes in order to
understand the phenomena as far as possible. Simpler tools and methods, engineering tools, are often the best
way to analyse most of the cases and especially any real life problems.

The simulation output is pically the temperatureyapor pressure and moisture content states throughout
the defined construction as a function of time. This output is thenjpostessed in order to give input for the
assessment. The performance criteria used are described inekiesection.

10.2Performance criteria for building physical assessment

When assessing building envelope constructions from the viewpoint of building physics, following different
sub-areas of performance, which form the overall performance, are includedsmttte:

o thermal performance of the envelope
0 moisture performance and durability of the constructions
0 indoor air quality and comfort

The assessment criteria for these subjects will be presented and shortly defined and motivated in this section.

10.2.ITHERMALEHRFORMANCE OF THEHERPE

The thermal performance of the envelope is basically evaluated on the basis of the heat losses through the
envelope. An improvement is a goal, this requires typically action on two levels: increasing the thermal
insulation of theenvelope and minimising the thermal bridges:

0 The overall Walue of the construction should be low in order to minimize the energy use for
space heating and cooling.

0 The effect of thermal bridges should be minimized in order to avoid additional heatlassl
low local surface temperatures, which can cause local discomfort and unwanted-micro
climate for biological growth.
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10.2.ANSULATION THICKNESSTIMAL WALUES

The optimal and/or neededalues for different construction types depend on the local aterand the

building regulations, and on any additional energy or green labelling standard desired. As the energy use is
typically a function of the whole building, thevdlues cannot be optimised on the component level alone.
However, different Wvaluescan be taken as a parameter in the hygrothermal assessment.

10.2.3THERMAL BRIDGE EFBEC

Besides the Walues, which are motivated by environmental, economical and legislative reasons, the
constructions should be designed such a way that the thermal bridgesiaimised. Thermal bridges can
occur in different ways:

o0 systemically throughout the construction, e.g. wooden studs
0 due to the building geometry, e.g. corners
0 connections between different building parts, e.g. window installations

Thermal bridges will influence the heat losses and indoor surface temperatures (more abouf.thi$lirdoor
air quality and comfolt

The thermal performance and quality of constructions can also be expressed as a temperature factor (form

factor for the thermal bridge effectslsigiven in equation(10.1). This factor expresses the ratio of the
temperature difference between indoor surfaceio / 8 YR ‘3éziR@ 28R I §KS (201t
difference between otdoor air and indoor air temperaturgi / 6 @

_4s- 4g.
fRsi -
g - q, (10.1)
In case of a pronounced thermal bridge, the indoor surface temperature is low and therefore the ratio small.

Therefore, the highefrsi the smaller is the thermal bridge effect.

freiis determined for typical, dimensioning, winter conditions, for example H N g/e=MPR'aE 0

average temperature for the coldest month, whichns®dme / Ay CSOoNHzr NB Ay 5Sy Yl NJ O ¢
is recommended typically to have values over 0.7. Any value under this value and resulting moisture problems

can beseen as a consequence of too poor thermal quality of the construction, thus the low indoor surface
temperature, in combination with high relative humidity of the indoor air while ffgr> 0.7 the moisture

problems can mostly be allocated to the highatale humidity of the air. The resulting surface moisture

conditions are a function of the indoor relative humidity and the average outdoor temperature in the coldest

part of the year.

10.3Moisture performance and durability of the constructions

The moisture prformance of the envelope is central for the durability of the constructions: Moisture plays the
main role in most of the decay and deterioration processes, e.g. growth of algam@dddecay fungi, frost
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damage and corrosion. The conditions in the d¢ardions should not exceed critical limits for moisture and
temperature, which- if exceeded will lead to these durability problems. Risk of condensation will typically
lead to these other problems and, in addition, reduce the thermal insulation edfettie constructions.

Therefore, ensuring a good moisture performance of the constructions means

0 Kkeeping the construction dry (e.g. avoiding condensation, penetration of driving rain)
0 choosing suitable materials (e.g. inorganic materials to exposed locations)
0 ensuring drying capacity (e.g. with ventilation and right placement of materials)

An illustation of some of these critical limits is foundrigurel0.3 that gives some "safe" long term limits for

mold growth in different building materialThe area above the curves expresses the critical conditions for
mold growth. Inert substrates such as metals, foils, glass and tiles are usually not affected by mold, unless
contaminated.

100
95\
E X
P \
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[} 3
2 '
:‘:‘: 80 \ \ 3 LIM,.,
3 < _ILIM,
\ S~ UM,
75 \\
- T~~~ LIM 0
0 5 0 15 20 25 30

Temperatur [°C]

Figure10.3 "Safe" limits for avoidingmold growth for different material classes.
0 LIM 0O: Optimal culture medium represents the maximum growth possible fomahyfound
in buildings.
o LIM I: Bieutilizable substrates, such as wallpaper, plaster board, buildingystednade of
biologically degradable materials, strongly contaminated surfaces.
o LIM II: Less biatilizable substrates with porous structure, such as plasters, mineral building
materials, certain woods, insulating materials not belonging to group I.
FromWufiBio manua({Sedlbauer 2001)

When performing building physical dynamic simulations, the resulting temperature and relative humidity
hourly values on a material surface can foample be used for an evaluation of the risk foold growth on
this surface with so called TOW, time of wetness (= number of hours during a year when the given limits are
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exceeded.). Limits iRigure10.3 can be used to calculate number of yearly hours, when these values are
exceeded. Whemnous = 0, the construction can be evaluatedrasld safe. TOW's can be used to compare
different solutions: i.ewhich solution gives the lowest TOW's.

Mold growth is one of the first signs of biological deterioration caused by excess of moisture, and therefore
mold growth can be used as one of the best hygrothermal performance criteria of building strudiots.

does not deteriorate the material, but it is a sign of too high moisture content and it represents a risk for other
moisture caused problems, like decay (see more about decay in next chaptdu)affects the appearance of

the surface and it can severeljfect the indoor air quality when the growth is in contact with indoor air or
with the leakage air flowing into the room space.

The time of wetnesamethod is a simple way of assessing the hygrothermal simulations. However, there exist
also dynamic model®r estimation of the risk fomold growth (Hukka & Viitanen 1999Yhe dynamic nature

of these models result in results with much more information, which then requirea evare expertise to
assess. In the following, some of the central moisture related assessment factors are presented.

10.3.1IDRYING CAPACITY

The drying capacity is traditionally used as a security for the main strategy of keeping the construction dry. For
example in case of accidents, which involve water damage, the drying capacity will reduce the risddor
growth. The drying mechanisms are also widely calculated in the construction process and time tables, and
allow an effective building construction process

CKSNBEFT2NBE 2yS 2F GKS OSYydNIXt ONRGSNRI A& GKSwl Y2dzyi
[kg/m?/y], wherewend [kg/m?] is the moisture content by the end of the year amga: [kg/m?] is the moisture
content in thebeginning of the year:

Dw = Wend = Wstart (10.2)

A well performing construction should not accumulate moisture at all and therefore the negative accumulation
should be as high as possible to ensure large diyatential.

10.3.2MOLDGROWTH

Mold growth is biological growth on almost any material surface. bl growth is highly dependent on the
temperature and especially of the moisture activity of the surface material. The time needed for the spores to
germinate andhe mold growth to start is a function of the hygrothermal conditions. In addition, the growth

is dependent on the organic material available as nutriéiigure10.4 illustrates some threshold values for
time, temperature and water activity (=relative humidity) for constant exposure for pine sap wood, which is
one of the most sensible materials with regpéo mold growth.

Themoldgrowth is a general and common definition for the biological growth basedadfungi that include
several species. When talking abddbld Index etc, it includes all relevant fungi speciédold spores are
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naturally everywhee and therefore hard to avoid especially on the exterior part of the building constructions.
In addition, the conditions of the exterior parts of the building envelope are close to exterior weather
conditions, which in many climate regions are favourdbtenold growth (see e.grigure10.4).
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Figure 10.4 Critical conditions formold growth in pine sap wood. Constant conditiofsitanen, H. et al. 201Q)
After the germination of themold spores has taken place, thmold is growing in different intensities,
depending on the conditions. There are several methodsssess the severity of tieold growth and one of
them is theMold index, which is defined as a scale frors (see below list)Figurel10.5 illustrates themold
index levels according to a model developed based on laboratory observations and Figure 47 shows these
microscopic and visual observations.

6 5C RH 100 % 0 = no growth
1 = some initial growth (microscopy)
< S 7 P 2 = moderate growth, local colonies,
§ 4 Vi ZIRH 97 % coverage > 10 nicroscopy)
= 3 / / 3 = some growth (visually detected, < 10%) «
-D ¥
S 5 / i o0 ds < 50 % coverage (microscopy)
§ / /_,.,--"' 4 =mold growth coverage 1050 % (visual) or
1t ﬁ ___d__..--""“ RHB0-9¢ coverage > 50 (microscopy)
0 fett s : 5 = plenty of growth, coverage > 50 (visual)
0 28 56 84 112 140 168 6 = heavy and tight growth, coverage 100 %
Time (days)

Figure10.5 Development of thenold index as a function of time for different constant exposures at 5°C. Pine sapwoc
The list gives the growth criteria for the differemiold index levels(Ojanen 2010)

There have been some attempts to develop numerical models fontblel growth in order to evaluate the
risks connected to overall performance, service life, interaction with indoor climate conditions or structural
safety.(Hukka and Viitanen 1999 , Viitanen et al. 2000 , Sedlbauer 2001 , Clarke et al. 1998 , Hens 1999 ).
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Mold index 1 (start of growth) Mold index 4- 5 (plenty of growth) Mold index 6 (tight coverage)

Figure10.6 illustration of the differenimold index levels.

The model developed at VTT Technical Research Centre of Finland by Viitanen et al. is shortly presented in
Appendix. Figure 48 illustrates the predictadld growth given by this model with selected assumptions and

a comparison with observemhold growth. This figure illustrates also that thmold growth simulation models

do not guarantee any exact prediction mibld in different cases and conditions. The parameter sensitivity is
high, estimation of a material sensitivity class is difficult without testing,surface treatments may enhance

or reduce growth potential, differeninold species have different requirements for growth and the evaluation

of the actual conditions in the critical material layers may include uncertainties. Nevertheless, the motivatio

to use and develop numericalold growth models and application of them is to give tools for better prediction

and evaluation of the risks for biological growth on structure surfaces and to find the best solutions to ensure
safe performance for the buildg and the indoor climate.

The modelling results should not be taken as absolute values but used for comparison of the performance of

different solutions.
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Figure10.7 An example on the prediction of theold growth with numerical, dynamic models and comparison with the
measured (=observeanold growth. Different material sensitivity classes and how theld reacts on unfavorable conditions
are calculated. (Ojanen et,#010)
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Even though these numeriaalold growth models are relatively easy to implement as post processing of hourly
temperature and relative humidity results of the hygrothermal simulations, the correct interpretation of the
results is often only possiblgith experience and expert knowledge. Therefore, there is a need for some far
more simple evaluation methods that are suitable for comparison and the assessment of the risk.

One of the simplest post processing and evaluation methods is to determineofimetness (TOW) for given
threshold values of T and RH. (TOW is usually used for assessing the corrosion risks.). Figure 44 gives some
"safe" limits formold growth in different building materials.

ASHRAE has given a set of simple criteria for evaluagngoisture performance of constructions by using
the threshold values determined by favourable conditionsnfmid growth, like in Figure 44. See Table 9.1.

Table10.1 Performance criteria for evaluation of building constions by ASHRAE standard method 160. The values give
the favourable values fanold growth.

Criterion 1: 36day running average RH >80% 5°C <T <40°

Criterion 2: Zday running average RH >98% 5°C <T <40°
Criterion 3: 24hour runningaverage RH =100% 5°C < T < 40°

10.3.3GROWTH OF ALGAE GNHRIOR SURFACES

Another biological growth type unwanted in building constructions is the algae growth on the exterior surface
of the building envelope. The problem with these typically blue and grégaeatypically on north oriented
surfaces, is mostly aesthetic but, nevertheless, unwanted.

The increasing problem with algae is partly a consequent of better insulation levels that reduces the exterior
surface temperature. Algae need liquid water andstlié available from driving rain and especially from
condensed water on the facade during night ungeoling. Therefore, the performance criteria in order to
avoid algae is to avoid liquid water and condensate on an exterior surface, i.e. RH < 100%.

Besde the Uvalue of the construction, the exterior surface temperature and relative humidity are function of
the surface material properties: radiation properties (especially long wave emissivity) and heat and moisture
absorption capacity. Experimentalugdies and simulation of the results show that darker and moisture
absorbing surface materials reduce the algae access to condensate water. More about the biological growth
on exterior surfaces can be found e.g. in (Mgller 2003)

10.3.DECAY OF WOODEDINSTRUCTIONS

The critical moisture levels for decay of wooden constructions are almost analogues to omegdgrowth.
However, the funghi responsible for the decay of wooden materials needs clearly higher humiditpdithn
Typically the relative huidity must be higher than 95% for long periods in order to give favourable conditions
for decay fungi. Figure 49 shows some critical limits of temperature and relative humidity of pine sapwood
under constant exposure.
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Figure 10.8 Critical conditions for decay development in pine sap wood. Constant conditi@ge(lund, 1972).
Within a recent research project focusing on the durability of wooden exterior sheetings, a numerical model
for the decay development was developed,sbd on a regression model of a general isoplet for decay
development in untreated pine sapwood. This dynamic decay model can also be used to post process the
results from the building physical simulations in order to assess the durability of the woodstrumions
exposed to different conditions and the effects of e.g. insulation thickness and material choices.

10.3.9ROST DAMAGE

Frost damage occurs typically when a rigid porous material like masonry brick has very high water content and
the temperature decreses below zero.

Performance criteria for constructions in order to avoid frost damages can be defined with the moisture
content that should not exceed the critical value of saturation fraction, which theoretically is 0.917. The critical
saturation fractionis very different for different materials and can/should be determined experimentally.
Examples for e.g. reduction of thenfiodule of natural stone as a function of the water saturation degree,
tested for 1, 19 and 110 freeze and thaw cycles is givéRagerlund 1972)

10.3.6CORROSION OF METALS

Metals and metal coatings in building constructions are exposed to atmospheric corrosion, when their surface
is wetted. The IS6tandard 9223 on classification of corrosion of metals defines the time of wetnhess as number

of hour per year when the structure is exposedRbl> 80% and > 0°C at the same time, s@@blel0.2. The

metal used in the constructions should therefore fulfil the requirements for the given corrosion class according
to the calculated time of wetness.

Table10.2 Criteria for corrosivity classes of metals based on time of wetness according to 1ISO 9223.

Corrosion class  Typical condition for structures found ir  Used categories for Time of wetness

M - <10

_H - 10-250

_ 0 Outdoors in cold and dry climates 250-2500
n Outdoors in all other climates 25005500
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Ip Outdoors in humid climates > 5500

10.4Indoor air quality and comfort

The indoor air quality and comfort are mainly the result of the whole building performance. Hence, there are
couple of factors that are directly connected to the exterior envelope constructions: thermal symmetry and
non-presence ofmold growth on the intefor surfaces. The inner surface temperature of the thermal envelope
can be predicted with the (hygro)thermal simulations of constructions and the temperature difference can be
calculated and evaluated.

In Table10.3, there are gathered these relevant factors for the hygrothermal performance of the exterior
constructions concerning indoor environment. The criteria regardimgld and dampness are closely
connected to the assessment of moisture performance and durability described in the previous chapters.

Table10.3 Indoor environment: Target values relevant for evaluation of the exterior walls.

Assessment/F Thermal envionment Dampness and mold
actor
Good According to Class 1 BIPD< 6% No detectablemold damage
(radiant asymmetry: cool wahT< 10 °C)
Moderate According to class 2 ®PD<10 % Occasional condensatiatcurs. Minor

(radiant asymmetry: cool wahT< 13 °C) areas of organic growth not exposed to
indoor air of rooms for longer occupancy.

Bad Not meeting criteria of class PPD> 10% Regular condensation, organic materials
(radiant asymmetry: cool wahT> 13 °C) exposed to RH >80 % for extensive perioc
visiblemold growth exposed (directly
indirectly to occupied spaces)

Reference EN 15251 Annex A/ CR 1752 WHO (2009)

10.5THE GUIDELINE®rocedure for thecalculation with an
assessment example

The following instructions/guidelines are relevant when analysing the hygrothermal performance of building
constructions and especially when finding a well performing refurbishment solutions for these. The simsulation

in these guidelines are assumed to be performed with a 1D or 2D hygrothermal simulation program, which
solves the dynamic, coupled temperature and moisture conditions in a construction and can e.g. take into
account the amount of water absorbed to consttion due to the driving rain.

NOTE: These guidelines do not recommend use of any specific software. WUFI is just used as an example as it
is a rather common tool and includes most of the features needed for the analysis.

If only thermal 2D/3D calculati@nare performed e.g. with HEAT2 or Thernfwhich are normally sufficient
for studying effects of thermal bridges), a method described in EN 1SO 13788 for calculation of critical
temperatures of internal surfaces can be used for assessing the potemtiabid growth.

139



DTU Byg Course 11122 Heat and mass transfer in buildings

10.6Description of the construction

A sufficient description of the original and/or the refurbished construction is important for the documentation
and understanding the performance of the analysed solutions. In this section, some examplegeardow
to define and document a construction to be analysed.

10.6.IMATERIAL LAYERS

Typical material layers and material values for each construction-tgfso in 2D and 3D if relevanshould
be given. These should be reported with a combination of avohrgand table, e.drigurel0.9 and Table10.4
below. These should include at least following information:

0 Material layers, with thicknesses
o List of some central material values e.g. density, thermal conductivity and wafsor
diffusion coefficient or resistance factor.

13 (1/2") 228 (9")
A A

228mm (9") engineering brickwork

Figure10.9 Example on description of a wall. The drawing should also include dimensions in vertical direction, if there are
2D effects.

It would be too laborious to list all the material parameters for all the materials in a table fautrincluding

some of these basic material parameters already gives the reader of the report an idea of the material
characteristics. A data sheet of all the relevant material parameters including also sorption isotherms and other
material characteristie as a function of temperature and humidity (if available) should be included in an
appendix.

If using the standard materials from the database of a common simulation software e.g. WUFI, it is sufficient
to only refer to the material by exact name ancethgive the basic values in a table form a$able10.4.

Table10.4 Example on presentation of the construction material layers witteried thickness and some hygrothermal

parameters.
Thickness Bulk density Porosity Specific Heat Thermal Vapor
Capacity conductivity diffusion
resistance
d ] p Co < >
m [kg/m?3] [m3/m3] [J/(kgK)] W2 KOYi [
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brick 0.228 1900 0.24 850 0.6 10
interior plaster 0.013 850 0.65 850 0.2 8.3

The construction should be modelled as true to reality as possible with your software. Of course, simplifications
cannot be totally avoided in any modelling, but these must be based on knowledge and experiboiding
physics. Figure 10 is the modelled versioifrigiure10.9. Note the opposite placement of interior and exterior

side in the modetompared to the drawing in this example. Generally, the convention is adopted that the
exterior of the construction is always shown on the left side of any eesson.

Monitoring (=logging of state variables, typically temperature and relatiwenidity or moisture content,
typically every hour during the simulation) of the hygrothermal conditions for further analysis should be done

in any location assumed critical. This means monitoring at least on the both any material interface, cavity or
surface that is assumed critical. Document this with a drawing or "screen dump". The model drawing in Figure
10 also indicates the used calculations mesh (= numerical cells where the state variables are solved for every
time step), which should be defined asd as necessary for a correct analysis. The software manuals typically
give recommendations for the mesh size.

Case: Solid brick wall

Exterior Interior

228,0 13,0

i —

Thickness [mm]

O - Monitor positions

Figure10.10 The modelled construction (Wufi Pro 5.0) with indication of the monitoring positions, where eagd RH are
logged as hourly values.

10.6.2CONSTRUCTION MODBUNE2D

Most of the input parameters for a problem in 2 dimensions are the same as for a problem in 1 dimension.
However, the physical model of the construction is different in 2D and below fighoeg an example on a
model for a wall of solid granite stones.
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Figure10.11 Cross section picture of the Figure10.12 WUFI® 2D model of the solid granite wall

solid granite wall.

The presentation of the granite wall Figure10.12 shows a very simfiled presentation of the stone/mortar
matrix. The grade of simplification must be carefully planned and depends on the balance between computing
capacity and time and the uncertainty of other parameters, including the material parameters.

NOTE: The assessnt of the 2D simulation results is identical to the method described in this report for one
dimensional hygrothermal simulation.

10.6.3VENTILATED) CASTIE

If there is a ventilated cavity in the construction, the effect of the ventilation should be modelled as realistic as
possible. However, a true description of the heat, air and mass flow in such a cavity would require a detailed
CFD model, which is unnesasy for most of the cases.

A much simpler model can give, however, a qualified presentation of the drying potential or the opposite, of
the cavity. E.g. 1D WUFI (Wufi Pro) uses a simple air change rate of the cavity, where the cavity is ventilated
with outdoor air with a given rate.

The calculations should be performed for at least for a case with a "standard" ventilation rate of the cavity (e.qg.
50 h'). A parameter study can cover cases with a very poor ventilation rate (ey.ahti a good venttion
rate (e.g. 100 ).

10.6.4SURFACE TRANSPOREFEICIENTS

The surface transport coefficients for heat and moisture should be estimated or the best standard values
should be used. In some programs, these are determined dynamically as a function ofumirfdcade color

etc. Therefore, if possible, these factors should be taken into account for the most real representation of the
construction and facade orientation to be studied. Typical colors, coatings etc. should be represented. These
have an effect oithe radiative heat transfer properties as well as on the transport of moisture. The effective
water vaporresistance of e.g. interior painting should be estimated.
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10.6.9NITIAL MOISTURE GEGNT

Another important parameter for the description of the consttion to be studied is the assumed initial
moisture content of the material layers. According to the common standards, e.g. AQFERA¥olde 2008)
Guidelines, and practice, an equilibrium moisture content (EMC) corresponding to RH=80% should be used as
a standard value (=EMCB80).

A higher value. e.g. EMC90 or even 2 x EMCB80, or any better estimate for the actu@rc¢hsednitial moisture
content should be used

o If it is known that the construction to be studied has a higher moisture content, e.g. due to
driving rain on unprotected facade

o If new concrete elements or other materials having high initial moistureesardre included
in the refurbished solution

o When studying the general drying potential of the facade.

10.7Description of the boundary conditions

When assessing the hygrothermal performance of the constructions, the goal is to find as true a presentation
as pasible of the conditions the wall construction is exposed to. However, to reveal any potential risks of
moisture related problems or damage, the simulated conditions should be chosen to present a worst, but also
a probable case scenario. The calculatioalgsis should show that the construction is robust enough both
regarding the durability and the indoor air quality and comfort. In the following, some guidelines are given for
choice of the exterior and interior climates for simulations.

10.7.JEXTERIOR CLINEAT

Data from a weather station representative to the analysed region and constructions should be chosen,
because a great variety of the climatic effects can be possible within a relatively small geographical area. This
concerns e.g. amount of driving raimasolar radiation. Therefore, depending on the actual or a probable
location of the construction and the solution to be used, the necessary sensitivity analysis of the climate data
should be considered.

10.7.2.0OCAL EXPOSURE ADIMRASS ORIENTATIGNIGE FACED

The performance of the vertical constructions should be analysed in the four main orientati@&SWN This

kind of variation would reveal the impact of environmental factors as driving rain and solar radiation.
Alternatively, the weather data can lamalysed and the orientation with the biggest impact can be found (see
Figure 10.13, where the worst orientation with regard to driving rain is SVY. A calculation with the
orientation with biggest impact of driving rain and/or solar radiation used as worst case and the opposite
orientation as least worst case would often be enough.
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Figure10.13 Analysis of weather data in Wufi: Amount of solar radiation and driving rain as a function of orientation in
Hannover.

If your software calculates the driving rainombination of wind speed, wind direction and perception
make a sensitivity analysis thie impact of it. The worst case would be in the corners of a tall building and
the least bad case in the middle of a low building facade.

10.7.3NTERIOR CONDITIONS

For numerical simulations of the thermal envelope constructions, the typical temperature and relative
humidity or additional moisture of the interior climate ranges should be used.

In general, EN I1SO 13788, Annex A (CEN 2001) gives moisture loads forcakmilation of surface
temperatures to avoid risk of condensation. But this model is intended for stetady assessment of
interstitial condensation using the Glaser method. EN 15026 (CEN 2007) describes numerical assessment of
transient moisture trasfer. This standard describes classes for high and low occupancy office buildings or
dwellings.

User preferences and habits vary, affecting the way the users interact with the building and its technical
systems. For building simulations it is often supgb#®at the indoor temperature will be kept somewhere
between 20 °C and 25 °C (EN 15026) or in a narrower band (ASHRAE Standard 160), but some users may prefer
higher or lower temperature than this, either for comfort or for trying to save energy. The umeigtoductive

activities vary from the user to another. The ventilation system and rates have a huge impact on the resulting
indoor air temperature and especially moisture concentrations. Thus, relative humidity may vary considerably
between different budings and even in different rooms in a single dwelling.

As a first choice for the analysis, moisture loads according to EN 15026 as a function of outdoor climate are
therefore recommended to be used. A screen dump from WUFI prografigime10.14 shows the variation
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