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PREFACE

THE INTERNATICNAL ENERGY AGENCY

The International Energy Agency (IEA) was established in 1975 within the
framework cof the Organisation for Economic Cooperation and Development (CECD) to
implement an International Energy programme. A basic aim of the IEA is to foster
cooperation among the 21 IEA Participating Countries teo increase emergy security
through energy conservation, development of alternative energy sources and
energy research, development and demonstration (RD&D). This is achieved in part
through a programme of collaborative RD&D consisting of forty-two implemencing
Agreements, containing a total of over eighty separate energy RD&D projects.

ENERGY CONSERVATICN IN BUILDING AND GOMMUNITY SYSTEMS

As one element of rthe Energy Programme, the IEA sponsors research and
develeopment in a number of areas related to energy. In one of these areas,
energy conservation in buildings, the IEA 1is backing various exercises to
predict more accurately the energy use of buildings, including comparison of
existing computer programees, building monitoring, comparison of calculation
methods, energy management systems, as well as air quality and inhabitants
behaviour studies. Sixteen countries and the European Community,

BELGIUM, CANADA, CEC, DENMARK, FEDERAL REPUBLIC OF GERMANY, FINLAND, GREECE,"
ITALY, JAPAN, NETHERLANDS, NEW ZEALAND, NORWAY, SWEDEN, SWITZERLAND, TURKEY,
U.K., U.5.a., .

have elected to participate and have designed contracting parties to the
Implementing Agreement, covering collaborative research im this area. This
designation by the govermment of a number of private organisations as well as
universities and government laboratories, as contracting parties, has provided a
broader range of expertise to tackle the projects in the different technology
areas than would have been the case if participation was restricted to
governments alone., The importance of associating industry with government
sponsored energy RD&D is recognised in the IEA, and every effort is made to
enicourage this trend.

THE EXECUTIVE COMMITTEE

Overall contrel of the programme is maintained by an Executive Commitee, which
not only monitors existing projects but also identifies new area where
collaborative effort may be beneficial. The Executive Committee ensures all
projects to fit into a predetermined strategy without unnecessary overlap or
duplication but with effective liaison and communication.

Twenty- Eive projects have been initiated by the Executive Committee, more chan
half of which have been completed:

ANNEX 1: Load energy determination of buildings (*)
ANNEX 2: Ekistics & advanced community energy systems (¥)
ANNEX 3: Energy conservation in residential buildings (*)
ANNEX 4: Glasgow commercial building monitoring (*)}
ANNEX 5: air infiltration and ventilatien centre (%}
ANNEX 6: Energy systems and design of communities (%)
ANNEX 7: Local govermment energy planning (*)
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ANNEX 8: Inhabitants behaviour with regard to ventilarien (*)

ANNEX 9: Minimum ventilation rates (*)

ANNEX 10: Building HVAC system simulatien (*)

ANNEX 11: Energy auditing (*)

ANNEX 12: Windows and fenestration (%)

ANNEX 13: Energy management in hospitals (*)

ANNEX l4: Condensation and energy (%)

ANNEX 15: Energy efficiency of schools

ANNEX 16: BEMS 1- User interfaces and system integration

ANNEX 17: BEMS 2- Evaluation and emulation techniques

ANNEX 18: Demand controlled ventilatien systems

ANNEX 19: Low slope roofs systems

ANNEX 20: Air flow patterns

ANNEX 21: Energy efficient communicies,

ANNEX 22: Thermal modelling

ANNEX 23: Air flow modelling

ANNEX 24: Heat- air moisture transport in new and retrofitted insulated envelope
parts

ANNEX 25: Real time simulation and fault detection

ANNEX 14: CONDENSATION AND ENERGY

The idea te start an Annex on mould, surface condensaticon and energy grew in
1984-1985, In September 1985, a2 workshop was organised at the Leuven University,
Belgium, focusing on the state of the art in different countries. This workshop
revealed a real lack of overall knowledge and understanding, on the levels of
data, modelling and measuring.

The Annex objectives were formulated as:

- providing architects, building owners and practitioners as well as
researchers with a better knowledge and underscanding of the physical
backgrounds of mould and surface condensation, including the critical
conditions for mould grewth and the influencing material properties;

- to intreduce better calculation models, taking into account air, heat and
moisture transfer,in order to predict properly the phenomena of mould and
surface condensation and to validate possible solutions;

- to develop energy conserving and <cost effective strategies and
complementary design methods, techniques and data for avoiding mould and
surface condensation in new buildings or preventing further degradation in
problem buildings.

At first 6, later 5 countries: BELGIUM, FEDERAL REPUBLIC OF GERMANY, ITALY,
NETHERLANDS, U.K., joined together for 3 years of intensified research on mould
and surface condensation. The shared work included <case studies, common
exercises and the draft of a source book, a catalogue of material properties and
a guidelines booklet. Also the national research efforts were scheduled in
accordance with the Annex 14 scheme and the results brought together and used as
base for the Annex publicarions.

Seven working meetings of 3 days each were held, the first to build up a common
knowledge, the last to discuss research and reports and to elaborate & common
performance philosophy.

(*) completed

PAGE ii
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SYMBOLS
.symbol unit Physical quantities
.a - absorbivity
.a m/s thermal diffusivity
Ay - water activity
b J/{m? K. k) thermal effusivity
.v: kg/m3 water vapour concentration (humidity by volume)
c J/(kg.K) specific heat capacity
.c' J/{kg.K) specific heac capacity of a wet material
d m thickness
e - emissivity
.gm kg/(m?.s) density of moisture flow rate
ky s air permeability
ka s moisture conductivity
1 1 length
m kg mass
.p Pa partial water wvapour pressure
p’ Pa partial water vapour saturation pressure
.q W/ heat flow density
n k-t (s71) ventilation rate
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.t s time
u Zkg/ kg moisture content mass by mass
.w kg/m? mojisture centent mass by volume
X g/kg warcer vapour ratio (humidity by mass)
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D. m%/s moisture diffusivity
En Energy consumption
Gp kg/s moisture flow rate , vapour production
Ka s/m air permeance
.P W/m?. K thermal permeance inside surface - outside
R mZ, K/W thermal resistance
S - degree of saturation
T 4 thermodynanic {absclute) temperature
.U W/m?. K thermal permeance
a K-* specific heat strain
.Jp s vapour permeability coupled to a vapour pressure
gradient
by m2/s vapour permeability coupled to a vapour concentration

. gradient
hygric strain

.p kg /m3 volumic mass (density)
pc J/{m3. K) volumic heat capacity
o - relative humidity
.,u - vapour resistance factor
pud m (equivalent) vapour diffusion thickness
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") Iim?/m? meisture content volume by volume

Ya %m3/m3 air content

X W/{mK) thermal conductivity

8 °c temperature

Srg ‘c dry resulting temperature

r - transmissivity

- temperature ratio

SUBSCRIPTS
a ambient
c capillary
cv - convective
e exterior
h hygroscopic
i interier

moisture
max maximal
r radiacion
s surface
sat saturation
v vapour
w water, liquid
ABBREVIATIONS:
CFU colony forming unics
ERH equilibrium relative humidity
IaQ internal air quality
RUE rational use of energy
MGF mean growth factor
MUY mineral wool
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RH relative humidity
TRY test reference year
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INTRODUCTION

Mould problems in dwellings are a rather widespread reality in the 5 countries,
.-participal:ing at Annex XIV, especially in the social housing sector. Statistical
information, circulating during the working meetings, suggests some 20X of the
social housing stock being affected in Belgium, some 15X in the Netherlands and

.some 25 vo 30% of the low income housing in cthe U.K.

.‘!ould germination on an inside surface becomes possible when the water activity
on it stays higher, during a shorter or longer period, than a threshold-value
'a,’, which is a function of different patameters.

Using the fact thac, in steady-state or slowly changing conditions the water

activity 1is nothing else butr the relative humidity against the surface, the

.'uould condition becomes:
@ '
Psi Z 8y.P g3
* : ' .
pPss 15 the vapour pressure against the surface and p 4 the saturation pressure

.on the surface.

If a, = 1, the mould conditicn turns to the surface condensation equationm:

. Psy = P'ax

.I‘his is equivalent to: " the dewpoint of the air against the surface is equal to

or higher than the surface temperature.

THE SATURATION PRESSURE ON THE SURFACE (prsi)

is directly linked to the surface temperature fg:

Bgqy = 84 + r.{8,-8,)

with r the temperature ratio, which 1s a purely thermal property of each point

on a wall, depending of the geometry (flat walls, 2- and 3- dimensional

ituations}, the surface film coéfficients and the dynamic reality.

PAGE xi
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THE VAPOUR PRESSURE AGAINST A SURFACE (pyy)

follows directiy from the air & vapour balance in and between rooms and betweer.
the building and the outside. Important elements in it are : the vapouz
produccion, the outside air ventilation, well or no surface condensation,

hygroscopic inertia, intra and interroom moisture transport... .

This short overview of theory learns that, to study the reality of mould and.

surface condensation, in relation with energy conservaticn and its emphasis

- on a better insulation qualicy, pronouncing the danger of real thermal
bridges, .

- on 3 minimisation of the heat losses by excess ventilation,

- on an economisation of heating system use, .

one needs:

- a sound knowledge of material properties: chapter 1 of the source book.
Otherwise, modelling the thermal and hygric response of the fabric remains.
theory;

- informacien on a ‘a,’-value: chapter 2 of the source book, studying.
‘moulds’;

- an introduction in thermal modelling : chapter 3 of the source boak, with
as main point thermal bridging and surface film coefficients;

- some concepts of hygric modelling: chapter 4 of the source book, focussing
on the hygroscopic inertia;

- an understanding of the heat-air-moisture combined transport: chapter 5 of
the source book gives an overview of the actual knowledge, in relation
with experimental results

- information on boundary conditions and building use data: chapter 6 of the

source book

PAGE xii
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Chaptexr 1

MATERIAI. PROPERTIES

Author;

H. Hens

LABORATORY FOR BUILDING PHYSICS

Celesti jnenlaan 131, RB-3001 Leuven (Heverlee)
Belgium

. 1.0 INTRODUCTION

. In the understanding of mould problems and surface condensation, modelling plays
an important role. The aim is to describe the heat, air, and moisture transfer
. in buildings, at surfaces and in and through the building envelope. To use the
models properly, the knowledge of the material properties is of prime
importance.
o
Chapf:er 1 introduces the "catalogue of building, insulating and finishing
.materials and their hygrothermal properties" (volume 3}. This catalogue fills as

.much as possible the gaps, encountered in standard lists.

. Information sources were:
- lirerature;

.— the standard lists of Belgium, Germany, France, Italy, The Netherlands and

the U.K.;
®

. reports of other labs.

- all measurements, done at the “"Laboratorium Bouwfysica" of the K.U.Leuven,

As for the content of this chapter, one first has the array of hygrethermal
.properties, their exact definition, and their dependence on different para-
meters, Then follows a survey of standard lists, all collected in the volume 3,
the catalogue report. One ends with an overview of measuring methods, results

.and the database, published in volume 3, the catalogue reporr.

.GEAPTER 1 : MATERIAL PROPERTIES PAGE 1.1
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Table 1.1: Array of hygrothermal properties
PROPERTY SYMBOL UNITS
I. THERMAL
T.1 CAPACITIVE
T.1.1 specific heat capacity ¢ J/ (kg .K)
T.1.2 volumetric heat capacity pc J/(m? . K)
T.2 TRANSFER
T.2.1 thermal conductivity A W/(m.K)
T.2.2 (areal) thermal resistance R m2 . K/W
T.2.3 absorbivity,emissivity,reflectivity,

transmissivity a,e,r,r -
T.3 COMBINED
T.3.1 rthermal diffusivity a mé/s
T.3.2 thermal effusivicy b J/(m2 K. sk)
T.4 CONSEQUENCE OF A CHANGE IN HEAT CONTENT
T.4.1 specific thermal strain a K-t
H: HYCRIC
H.1 CAPACITIVE
H.1.1 moisture content W kg /m?

u ikg/kg;
L %m3 /o3

H.1.2 degree of saturation 5 %
H.1.3 specific moisture content cy kg/m?
H.2 TRANSFER
H.2.1 vapour permeabilirty, bp» By s; m/s

vapour resistance factor i -
H.2.2 diffusion thickness ud m
H.2.3 moisture conductivity Ka s
H.2.4 rthermal diffusion coefficient De kg/(m?.s5.K)
H.3 COMBINED
H.3.1 moisture diffusivity D, m2/s
H.3.2 water sorption coefficient A kg/(m?, sk}
H.4 CONSEQUENCE OF A CHANGE IN MOISTURE CONTENT
H.4.1 hygric strain £ %
A; AIR
A.1l CAPACITIVE
A.l.1 air content Ya *m?/m3
A .2 TRANSFER '
A.2.1 air permeability Ka s
A.2.2 air permeance Ka s/m
CraPTER 1 @ MATERIAL PROPERTIES PaGE 1.2
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1.1 HYGROTHERMAL. PROPERTIES

1.1.1 Array of hygrothermal properties (table 1.1)

For most building practitioners, hygrothermal properties reduce to "Thermal

Conductivity". In reality, not only thermal, but also hygric and air properties

are relevant. For each, a distinction has to be made between:

1. Capacitive properties: “the possibility to store heat, moisture and a&ir in
a materjal”

2. Transfer properties: "the possibility of heat, air and moisture to flow in
and through the material”

3. Combined properties: "a physically significant combination of capacitive
and transfer properties"

4.  Properties, linked to changes lon heat, moisture and air content. They are

not discussed in this report.

1.1.2 Influencing parameters

For all materials, the hygrothermal properties are essentially theoretically
defined quantities for use in calculations and are not absolute constants. Their
value depends on parameters, the important ones being mentioned in tabel 1,2,

In principal, the relationship property = f(density, porous system, thickness,
temperature, temperature difference, moisture content, time) has to be known.
The functicnal dependence 'property- parameters’ may follow from a physical
understanding, the numerical relation has to be fitted by measurements. This
demands such a tremendous amount of experimental work, that only partial results

can be obtained.

Fortunately, within the jinterval of parameter wvalues, encountered in buildings,
the influence of parameters such as temperature difference remains rather
unimportant, while the relationship with others can be linearised without najor

inaccuracy.

Craprer 1 : MATERIAL PROPERTIES PAGE 1.3
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Table 1.2: Array hygrothermal properties - parameters

An important relationship is given a value 4, a less important relationship a

value Z, limited relationship a value 1 and * no relationship a value 0.

PROPERTY PARAMETER
ML M2 M3 M4 APL AP2 AP3 T z
T.1.1 ¢ 2 0 0 0 1 0 4 0 7
T.1.2 pc 2 4 0 0 1 0 4 0 11
T.2.1 A 4 4 2 2 2 1 4 1 20
T.2.2 R 4 4 2 4 2 1 4 1 22
T.2.3 a,e,r, v 4 0 0 0 2 0 1 1 8
T.3.1 a 2 1 1 0 1 0 1 0 6
T.3.2 b 4 4 2 0 2 4] 4 1 17
H.L.1 w,u,9¢ 1 & & 0 ¢ v) 0 1 10
H.2.1 u 1 4 4 2 2 0 4 1 17
H.2.2 ud 1 4 4 4 2 0 4 1 19
H.2,3 K, 1 &4 4 0 2 0 4 1 16
H.2.4 D, 1 4 4 " 2 0 4 1 16
H.3.1 D, 1 4 4 0 2 4] 4 1 16
H.3.2 A 1 4 4 0 1 0 4 1 15
A 1.1l w, 0 4 4 0 0 0 4 1 13
A.2.1 k, 1 4 4 0 1 0 4 1 15
A.2.2 K, 0 4 4 4 1 0 2 1 16
z 30 57 47 15 24 2 56 14 44

PRODUCTION LINKED Ml: basic material
M2: density
M3: type, configuration, form, orientation of pores
M4: thickness .
APPLICATION LINKED APl: temperature
AP2: temperature difference
AP3:; moisture content, relative humidity
TIME

CraPTER 1 : MATERIAL PROPERTIES PACE 1.4
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The array "Properties - parameters" (table 1.2) shows that the most impbrtant
parameters are:
Ml : basic material
M2 : density
M3 : type, configuration, form, directivity of pores
AP3: moisture content, relative humidity
0f less importance are
4PLl: temperature
M4 : thickness
T : time
The greatest parameter sensitivity is found for:
T.2.2 rthermal conductivity
T.2.2 thermal resistance
H.2.2 diffusion thickness

In the catalogue, these facts are translated as follows:

M1, M3 The searching key: define the kind of material;
M2 Given for each material as a production linked parameter;
AP3 If known within the limits of temperatures, encountered in

building constructions, the relation property - moisture
content is given;

APL1,T M4 If known and of practical use, relation given.

1.1.3 Definitions

DENSITY (symbol: p/ units: kg/m®)

We call density, the weight of 1 m? of dry material.

'Dry' is a standardised concept, rather than a physically exact notion: in fact,
standards define as dry, stony or wooden materials dried at 105°C or plastics
dried at a temperature, low enocugh not to enhance the material, until between
two successive daily measurements, the weight decrease remains less than 1% of
the starting weight. l

In building applications, the density varies from = 10 kg/m* for the lightest
insulation until some 2500 a 3000 kg/m?® for the heaviest stony, and 2700 & 11000
kg/m3 for metallic materials, i.e. a difference in order of magnitude 3

(insulation versus stony) to 4 (insulation versus metallic).
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TH PR TIE

T.1.1 SPECIFIC HEAT CAPACITY (symbol: c / units:J/(kg.K))

We call specific heat, the heat needed to change the temperature of a unit mass

of material with 1 K. With the unit mass referring to the dry material, the

specific heat capacity of a wet material ¢’ becomes:
W

c' = ¢ + 4187 . —— (1.1)

p

with w the moisture content in the material in kg/m?.

Water has the highest specific heat capacity: 4187 J/(kg.K).

For building, insulating and finishing materials, ¢ differs only slightly.

Generally speaking, we may distinguish between:

MATERIAL GROUP ¢ [J/(kg.K)]
Metallic 130 to 880
Stony 840
Polymeric 1470
Wood, wood based 1880

giving a difference in order of magnitude < 1.

T.1.2 VOLUMETRIC HEAT CAPACITY (symbol: pc/ units:J/(m® .K))
The volumetric heat capacity is the heat, needed to change the temperature of a
unit volume of dry material by 1 K. Referring to density and specific heat
capacity, the volumic heat capacity of 1 m3 of material is:

DRY : pc

WET : pc + 4187.w (1.2}

In all thermal phencmena, not ¢ but pec is the storage defining quantity. In it,

the density causes clear differences in order of magnitude berween insulating

and stony materials:
INSULATING : pc > 1.5.10° J/{m*.K)
STONY Dope > 2,5.108 J/(mP.K)

Owing to this, as a mnecessary condition to construct capacitive buildings, we

have: use heavy materials!
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T.2.1 THERMAL CONDUCTIVITY (symbol: A/ units:W/(m.K))
As exact definition of the thermal conductivity, we have:
"The thermal conductivity in a point of a material is the ratio between the
‘density of heat flow'- vector and the ‘temperature gradient'-vector in
that point"
For isotropic materials, both vectors coincide and the thermal conductivity is a
scalar. For anisotrppic materials, they do not and the thermal conductivity
becomes a tensor, represented by a (3x3)-matrix.
The technical definition of the thermal conductivity is coupled to the formula
for the steady-state density of heat flow through a flat, infinitely extended
single layer wall:
q = _i;ﬁfilﬂil_ -5 A _:tfl__ (1.3
d 81-8;
or:
"The thermal conductivity of a material is the heat flowing in steady-
state, during 1 s, from one side of a cube of 1 m? of the material to the
other, the temperature difference between both sides being 1 K, the other 4

sides being adiabatic”

Physically, the thermal conductivity is only a material property for non-porous

materials.

In porous materials, heat not only flows through the material matrix by

conduction, but also by:

DRY MATERIAL

I - conduction through the pore filling gasses;
II - radiation in the pores;

111 - conyection in wide pores;

WET MATERIAL

I+II+III

v - conduction through the absorbed and capillary condensed water;

v - water evaporation-> diffusion-> vapour condensation in the pores.
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These six heat transfer modes are compressed in che quantity ‘thermal
conductivity’, making it an 'equivalent’ calculation value, which, because of
the six modes, turns out to be extremely parameter dependent.

As range of calculating values, we have:

MATERIAL GROUP A [W/(m.K)]
Metallic . 16 to 380
Scony 0.15 to 3.5
Polymeric,wood 0.10 to 0.25
Insulating 0.015 to 0.06

T.2.2 (AREAL) THERMAL RESISTANCE (symbol:R/ units:m?.K/W)

The concept of an equivalent thermal conductivity does not work for cavities,
gas filled spaces, heterogeneous layers, perforated blocks masonry work... For
these, we have to turn to the thermal resistance.

The definition is based on, and the value calculated with the formula for the
steady-state density of heat flow through a flat, infinitely extended single

layer wall:

#,-f
R = —2 (1.4)
q

R is a steady-state property, depending on the same heat transfer modes in an

even more pronounced way as the thermal conductivity.

T.2.3 ABSORBTIVITY, EMISSIVITY, REFLECTIVITY,(TRANSMISSIVITY)
These surface properties are direectly coupled to radiative heat transfer. As far

as the ‘grey surface’- concept holds, the. 4 are defined as:

ABSORBTIVITY (a):

the ratio, for a given radiation temperature, between the absorbed density of

radiative flow to the incident one;

EMISSIVITY <(e): the ratio, for a given radiative temperature, between the

emitted density of radiative flow and the ‘black surface’ emitted density;
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.REFLECTIVITY (r): rthe rartio, for a given radiation temperature, between the

reflected density of radiative flow to the incident cne;

TRANSM1SSIVITY (r): the ratio, for a given radiation temperature, between the

transmitted density of radiative flow to the incident cne;

. spectral intensities instead of density.

. interval' way:
- envirconmental I.R.-radiation (T, = 300K / ap, er, T1, 7TL)

For coloured surfaces, these definitions have toc be narrowed to ratic's of
In building physics, the grey body concept is used in a ’'two temperatures

- solar radiation (T, ~ 6000K / ag, €5, Ts, 7g)

The following rules held:
- environmental radiation: not depending on the colour;t all materials and
finishing layers, except the metallic ones, have an absorbtivity between
0.8 and 0.9.
a; = e;; ap+rp (+ry) =1
- solar radiation: important influence of the colour of the surfaces
ag{white) < ag(yellow) < ag (red) < ag(blue) < ag(black)

as+fs<+‘!s>:l

T.3.1 THERMAL DIFFUSIVITY (symbol:a/ units:m?/s)

We call thermal diffusivity, the ratio between thermal conductivity and volumic

heat capacicy:

by
a = —— (1.5)
p.c
For wet materials, the formula becomes:
A(w)
4 = ———————— (1.6)

p.c + 4187.w

The diffusiviry expresses the velocity of propagation, by conduction, of a local
change of temperature in a material. Between materials, there is only a limited
difference in ‘a- value. Reason: thermal conductivity and density varying in the

same way, both increasing or decreasing.
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For all building materials, the thermal diffusivity has a low to very low value .

(... .10°%), or, propagating a temperature change by conduction is a slow
process.

T.3.2 THERMAL EFFUSIVITY (symbol:b/ units:J/(m?.K,s"?)
We call chermal effusivicy, the square root of the product of thermal

conductivity and volumetric heat capacity:

b~ . pc A

For wet materials, the formula turns to:

—
=
~d
~—r

b=J (pc + 4187.w). A(w) (1.8)

The effusivity expresses the ease, with which a material takes up and propagates
heat by conduction. The property is closely linked to our physisclogical and
psychological evaluation of materials: those with a high effusivity feel and are
seen as cold, those with a low effusivity feel and are called warm.

Between materials, a significant difference in b-value exists, making the

property a performance- criterion.

MATERIAL CROUP b {J/(m?.K.s"]
Merallic 10000 to 36000
Stony 240 to 2900
Polymeric,wood 300 teo 500
Insulating 16 to 70
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HYGRIC PROPERTIES
®

H.1.1 MOISTURE CONTENT (symbols:w,u,¥ funits:kg/m,Xkg/kg,%m/m?)

We call moisture countent:

.the mass of moisture per unit volume of dry material:

- MASS BY VOLUME,

m

. Wom — (1.10)
v
- MASS BY MASS,
the mass of moisture per unit mass of dry material:
@ m
w=—" 100 (%) (1.11)
M
.- VOLUME BY VOLUME,
.the volume of moisture per unit volume of dry material:
Vm
. . ¥ = — . 100 (%) (l.12)
v
.Relations between these definitions:
w
u = 100, — (2): ¢ = w/l0 (%) (1.13)

® p
The difference in numerical wvalue between the three definitions, for the same

moisture presence i{in the material, can be important and of direct psychological

. influence.

Example

Take 1 m3 of concrete, density 2300 kg/m®., For 100 kg moisture per unit volume,

the three definitions give: )
w =100 kg/m? ; u = 4.35 Xkg/kg ; ¢ = 10 Imd/m?

It's clear that the u-result seems the less severest.

With a very light mineral woel (12 kg/m3} the resultr becomes
w =100 kg/m® ; u =833 Xkg/kg ; y = 10 Zmd/m?

.Now the u-result seems desastrous, while the ¥-result leooks rather reassuring
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Figure 1.1: The moisture content scale
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Te avoid this psychological look to moisture content values, the following

agreement is proposed:

- w is used for stony materials, i.e., materials with an unimportant hygric
strain;

- u is used for wooden or wood based materials, i.e.
important hygric strain;

- ¥ is used for highly porous materials, such as insulating layers. .

, materials with an.

It is important to remember, that:

- a material can only become moist 1f it has a water or water vapour open
porosity. Materials with zero porosity or closed pores, show a surface
wetting, but no mass wetting; ’ .

- in all open porous materials, the moisture content can vary from zero (=
dry) to saturation (= all water open pores filled). On this continuous .
scale, some important zones/ points exist (Figure 1.1).

- materials with only or predominantly macropores, undergo an impertant

influence of gravity on the moisture content. Saturating them may become .
impossible.

From low to high moisture content, we have:
The ZERO POINT (w = 0).

For its definition: see 'Density’

The HYGROSCOPIC zone (wg).

Most capillary- porous materials, show, depending on the pore system, a more or

less pronounced hygroscopic behaviour, resulrting in an equilibrium moisture
content as function of the R.H.. On the moisture scale, this hygroscopic zone .
stretches from the zero point to a maximum hygroscopic moisture content, by

definirion the equilibrium value for a RH of 98%. In this hygroscopic zone, the .

materials show a molsture content hysteresis between wetting and drying (fig.

1.2). Hygroscopicity fixes the inside climate moisture content of a layer. .
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Figure 1.2: The hygroscopic hysteresis
.rhe CRITICAL moisture zone (w..).
WYe call the crirical mpeisture zone, that interval on the moisture scale, below
which + only vapour transport occurs and above which vapour + water transport
.develops. On the microscale, the critical zone represents the lowest moisture
content, showing continuous flow paths in the pere system. It plays an important
.role in drying phenomena and in interstitial condensacion in or between

capillary layers.

The CAPILLARY moisture content {w.}.
.&Je call capillary meisture content,the value on the moisture scale, above which

air-flow in and out the material becomes impossible. The capillary moisture
content represents the highest value possible in capillary- porous materials,
.with no permanent water contact and the possibility of balanced wetting- drying.
It is important in rain penetration, abundant surface condensation and

.intersticial condensation between a capillary and non-capillary layer.

.’I’he SATURATION or maximal moisture content (wg).

All water open pores in the material are filled with water. Attaining saturation
.is only possible by vacuum- immersion. However, shifting on the moisture scale
.from capillary to maximal moisture content 1is inevitable‘ with capillary

materials permanently in contact with water or having the possibility of
.unbalanced wetting- drying: wetting with little to no possibility of drying

The interval between capillary and saturation moisture content also plays an

important role in the frost resistance of the material: the smaller the

.interval, the greater the chance, in wet conditions, of frost damage.
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H.1.2 DEGREE OF SATURATION (symbol:5/ unit:-) o

We call degree of saturacion, the ratio:

w

{1.14)

S =

wm
The degree of saturation uncouples to some extent the description of the

moisture presence and the kind of material. It also facilitates the search fm.

more general laws.

H.1.3 THE SPECIFIC MOISTURE CONTENT (symbol: cy/ unit:kg/md)
We call specific meoisture content the derivaves of the moisture content te the

relative humidity or to the vapour pressure or to the suction potential.

H.2.1 VAPOUR PERMEABILITY, VAPOUR RESISTANCE FACTOR
(symbols: &,, &, p/ units: s, m/s, -)

As an exact definition of the vapour permeability, we have:

"The vapour permeability in a point of a material is the ratio between t:he.

For isotropic mai:erials, both vectors coinclde and the vapour permeability is a.

‘density of wvapour flow’- wvector and the 'vapour pressure [/ vapour

concentration gradient’-vector in that point”

scalar. For anisotropic materials, they do not and the vapour permeability
becomes a tensor, represented by a (3x3)-matrix. .
The technical definition of the vapour permeability is coupled to the formula
for the steady-state density of vapour flow through a flat, infinitely extended.
single layer wall: .

§, . (pi-p2) . d
g -2 Pk B aas) @

d F P1-P2
®

d : thickness of the layer. .

with p;-p; @ the vapour pressure difference over the layer

The formula says: .

"The vapour permeability of a material is the amount of vapour, flowing in
steady-state, during 1 s, from one side of a cube of 1 m3 of the material

to the other, the vapour pressure difference between both sides being 1 Pa, @
the other 4 sides being vapour tight"

To get by, P1-p; must in formula (1.15) be replaced by cj-c;. . .
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The vapour resistance factor g is given by the ratio between the vapour
.permeability of the material and the vapour permeability of stagnant air under
.identical thermedynamic conditions (same temperature, Ssame pressure). For

stagnant air, px is by definition 1.

.;; is a kind of one number description of the pore system and it's relation to
the vapour transfer in and through the material.

.lf in a slab of dry material, all pores are straight on, have a constant section

.and are parallel to the thickness, the vapour resistance factor becomes:

1

® ' 7,

.uith ¥,: the open porosity of the material.

.If the pores are of constant section, straight on but inclined, g turns to:

(1.16)

1
fpo- (1.17}
o ¥,. cosa
with e: the angle between pore and thickness direction.
If the pores are tortuous, of changing direction etc, p looks like:
® <
u - (1.18)

o
.with ¥.: the tortuosity factor.

.Changes in tortuosity in macroscopically identical samples of the same rﬁaterial,

.ha.ve a direct impact on the g-value. The result is a large scattering in
measured values for the same material. .

.For hygroscopic materials, the diffusion resistance factor is a falling function
of the R.H, in the material pores. Reason: the water filling pores, shortens the

.diffusion path, increasing water transfer, '

.Very open porous materials, such as mineral wool have a y-value, close te 1.
Materials with a high g-value (i.e. a very low open porosity) are called vapour

.retarding or vapour tight, Thin foils or layers of such material are used as

vapour retarders or vapour barriers.
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H.2.2 VAPOUR DIFFUSION THICKNESS (symbol:ud/ units:m) @
We call diffusion thickness, the product pd, which is used instead of u: .

- for all material layers with a non constant thickness or a thickness.
difficult to measure;

- for composite thin layers, like many vapour batrriers are; .

- far composite layers, such as masonry work;

- to describe vapour transfer through layers with inevitable cracks, joints.
or an important sensitivity to workmanship. In this case,the property i‘
called "equivalent diffusion thickness".

[

H.2.3 MOISTURE CONDUCTIVITY (symbol :kg/ units:s)

As exact definition of the moisture conductivity, we have: .
"The moisture conductivity in a point of a material is the ratio betweer.
the ‘density of moisture flow'- vector and the 'suction gradient'-vector in
that peint. Suction includes capillarity, gravity and external pressure"” .

For isotropic materials, both vectors coincide and the moisture conductivity is

a scalar. For anisotropic materials, they do not and the moisture conductivity.

becomes a tensor, represented by a (3x3)-matrix. .

The moisture conductivity is highly dependent. on the suction potential, and

through that on the moisture content, in the sense that k, increases sharply.

with increasing moisture content. This is a direct consequence of:

- Poiseuille’s law of water transfer in capillaries, stating that their uater.
conducrivity increases with the square of the diameter; .

- the moisture behaviour of'open poexous materials, where, for low moisture
contents, only the very small pores are water filled, while, with a rise in.

moisture content, wider and wider potes become water filled,

Lacking measured data, an estimation of k, is possible with the formula: .
3w A b.w aw
kp =Dy . — = a.(—)2 | exp( )y, — (1.19)
ds W W as

with a and b: material- dependent constants,
dw/ds: the specific moisture capacity.
As a mean value for porous building materials, a is taken 0.00674

b ig taken 6.4.
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.H.?..ll THERMAL DIFFUSIOK COEFFICIENT (symbol:D./ units:kg/(m?.K.s))

We call thermal diffusion coefficient:

"The ratio, in a point of a material in isosuction conditions,between ‘the
. density of moisture flow’- vector and the 'gradient of temperature’- vector
‘ in that point"
.In isotropic materials, both vectors coincide and the thermal diffusion
coefficient is a scalar. In anisotropic materials, they do mot, and the thermal
.diffusion coefficient becomes a (3x3)-matrix tensor,
.For capillary materials, the thermal influence on the moisture transfer is a
direct consequeénce of the temperature dependence of surface tension and

.viscosity, and of the exponential relation ‘saturation pressure- temperature".

H.3_.1 MOISTURE DIFFUSIVITY (symbol:D,/ units:m?/s)

For hygroscopic, non- capillary materials, the thermal influence has its roots

in hygroscopicity itself.

.The moisture diffusivicy is given by the ratio:
Kn

@ D, = ——— (1.20)

(dw/ds)
o

.Combining (1.20) and (1.19), we get as an estimate for the moisture diffusivity:

dw/ds being the specific moisture capacity.

A b.w .
. Dy = a. (—)2 . exp(—) - {1.21)
We We

.The formula shows that the moisture diffusiviry drops quickly with decreasing

water absorption coefficient and increasing capillary moisture content:

. MATERIAL A R D
kg/(mz.sl'z) kg/m3 m2/s
. bricks 0.5 300 1,7E-7 .exp(0.021.w)
concrete 0.02 100 2.7E-10 .exp(0.06.w)
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H.3.2 WATER SORPTION COEFFICIENT (symbol:A/units: kg/(uﬂ.sh))
In accordance to the thermal definition of effusivity,

we should call A the quantity:

N L TS

" ds s

(1.22})

In practice however, the definition of A remains restricted to a very specific

moisture transfer situation: suction by a dry material in contact with a free.

water surface.

In a [mc,tL’]- coordinate pair, the sucked water per wunit of surface mostly

appears as & straight line, the slope being the water sorption coefficient. So,.

instead of a moisture content dependent relation, only one value for A is taken

as the water sorption coefficient,
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AIR PROPERTIES
o

A.1.1 AIR CONTENT (symbol: .,/ units:im?/m?)

We call air ceontent, the volume of air per unit volume of material.

The air content is a function of the water content:
w
Yo = ¥y - — (1.24)
10
In some closed cell porous materials, instead of air, another mixturc of gasses
may be present. If the pore system is not pas tight, a slow diffusien 'gas out-
air in’ takes place and time induced changes in property values can be observed
(e.g. The increase in thermal conductivity of aging PUR and EPS- foam).
If interstitial condensation takes place in closed cell materials, which are not
vapour tight, the pore air or gasses are slowly compressed, resulting in a
swelling of the material. Especially in light PUR foam,this phenomenon may

induce worrying dimensional changes.

A.2.1 AIR PERMEABILITY (symbol:k,/units:s)
We call air permeability:
"The ratio, at a point of a material, between ‘the density of air flow’'-
vector and the 'gradient of pressure’- vector in that point”
In isotropic materials, both vectors coincide and the air permeability is a
scalar. In anisotropic materials, they do not and the air permeability becomes a
(3x3)-matrix tensor.
As with the  vapour conductivity and the wvapour resistance factor, the air
permeability is a 'poresystem’- parameter, combining infermation about the total
porosity, mean path length, tortuosity and mean section of the pores.
For the same material, there is considerable scatter.

Non porous materials or closed pore materials have an air permeability 0.

A.2.2 AIR PERMEANCE (symbol K, /units:s/m)

The air permeance represents the ratio between the density of air flow through

and the pressure difference over that layer.

The air permeance is used instead of the air permeability:

- for all materials/ layers with a variable thickness or a thickness
difficult to measure;

- for layers, composed of different materials (brick work);
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- te describe the air transfer chrough a layer or system with joi_nts,.

inevitable cracks, highly sensitive to workmanship,...

Measurements show that in most cases K, can be represented by a function:
K, = a.{ap)™® (1.20)
with: 0 < b < 0.5.

Ap = the pressure difference over the layer.

1.2 STANDARD LISTS

1.2.1 The concept *calculation value”

In most countries, standard lists with material data are available, giving the
so called calculation values ftor some thermal aund hygric propertles. The
motivations cto implement, in spite of all inconvenience, these simple data sets
and not to wait until everything is known, are:

- the need for data to calculate;

- the notion that indeed all properties depend on the different parameters,
discussed above, that these influences may be very complex and
interrelated, but that they are not experimencally wverifiable over che
whole range of their application;

- the factr that material parameters such as density, pere system, pore
tortuosity always show a stochastic character, intreducing for any material
an inevitable scatter in the wvalues for each property. This multiplies
further the need for experimenctal validation until statistically meaningful
sets of wvalues have been collected; '

- the unavoidable limitation in techniques of experimental validation
possibiliries, introducing a statistical uncertainty to distribution laws,
mean values, standard deviation, 95%- limic...

- the correlation thar may exist between measuring method and measured value;

- the limited accuracy of all measuring methods;

- the uncertainty about the time dependent values of temperature and moisture
content, that the material will be submitted to, during its life span;

- the fact that, as far as a limited temperature interval 1is considered,
temperature has only a limited influence on the property value;

- etc.
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The methodology to arrive at calculation values is not always clear. Sometimes,

a list, edited in the grey past, survives all changes in standards, in spite of

new data being published, parameter influences being better known..etc. Other

lists start from:

- if enough data for a material and property are available, a statistical
analysis, proposing as the calculation value the 50% or 95% limir. It is
not always clear what concepts of mean value, 95%-limit.. are used in these
statistics: the harmonic one, the arithmetical one?

- the use of weight facters, correction terms, c¢lass concepts..., all
implemented from the measured, so called laboratory data. Also here, the
methodology must be handled with care and remain linked te¢ reality. Using
for example a correcticn to the measured thermal conductivity of an
insulating material, to compensate for expected bad werkmanship on site,
may be wrong and give important errors in evaluatring the thermal behaviour

of the construction part in which the material is used.

In practice, lists of calculation values are useful in preliminary or simplified
overall calculations. A more fundamental approach, as put forward in the next
chapters, may ask mnot only for the calculation wvalues but also Ffor their
relationships wirh the important influencing parameters. Searching for these
relations, was one of rthe challenges of this part of the "Energy and

condensation" annex work,

1.2.2 Examples of standard lists of calculation values

Given in the catalogue report are:

- Belgium: NBN B62-002 (ref.2);

- the Netherlands: the "stichting bouwresearch” list (ref.3};

- France: the CSTB document Régles Th- K77 (ref.4);

- Germany: DIN 4108 (ref.5);

- Italy: the "Talloncino di aggiornamento N°2 alla UNI 7357 {dic. 1974)
(ref.a};

- United Kingdom: part of the standard BS: 5250 (ref.7}.

The six lists are given in the natiocnal languages. For important remarks

concerning units or the way parameter iInfluences are handled, see the

introduction to each list in the catalogue.
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1.2.3

- compared to the survey of 21 hygrothermal properties,

Discussion

except the Duteh SBR- report 17, remain very restrictive:

- only two lists contain information on parameter influences,

LIST NUMBER OF WHICH
PROPERTIES

NBN B62-002 (B) 3 p. AR

SBR report 17 (NL) 10 p,C,A e,a,wg
Ep,p,c,(E)

Regles th-77 (F) 3 p,A R

DIN 4108 (FRG) 3 oA,

UNT 7357 (I) 2 0,

BS: 5250 {UK) 2 r,+1/5,

density:

LIST

PARAMETER INFLUENCES

SourcE Book

all standard lists,

other than the

NEN B62-002 (B

side use

SBR report 17 (NL)

id.

moisture content: i value for inside use, e value for out-

a remarkable difference in calculation value between the 6 lists can be

seen for some commonly used materials:

CHaPTER 1

MATERIAL PROPERTY VALUE
B NL F FRG I UK
concrete Aq 1.7 1.9 1.75 2.1 i.9 1.67
2400 vo 2500 kg/md Ag 2.2 2.3
glass X 1 0.8 1.15 0.8 1 1
2500 kg/m?
cellular b 0,045 0.05 ©0.05 0.045 0,055 0.063
glass to to to to
120 to 200 kg/m? 0.07 0.06 0.06 0.06

: MATERIAL PROPERTIES
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1.2.4 Gonclusion

Three conclusions may be drawn from the lists:

- five of the six give peor information on the totality of the hygrothermal
properties of building, insulating and linishing materials;

- the lists, except two in a rather elementary way, give no information on
the influence of the most important parameters; ’

- the calculation values given seem at least for some materials subject to
discussion...

or, working on a catalogue does not seem to be a lost job!

1.3 EXPERIMENTAL METHODS

1.3.1 Adm

Aim of this paragraph is, not to give an extended description of all measuring
methods, but to sketch very shortly the physical principles backing these

commonly used.

1.3.2 Methods

DENSITY

Measured by
- weighing, after drying, a well defined volume of the material;
- applying Archimedes law in weighing an arbitrary volume of dry material,

saturating it and weighing it again above and under water;

THERMa). FROPERTIES
A
T.1.1 SPECIFIC HEAT CAPACITY
Measured for a dry material with a calorimeter. The value for a wet material is

calculated, using formula (1.1) {mixture law).

T.1.2 VOLUMETRIC HEAT CAPACITY

A calculated quantity.
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T.2.1 THERMAL CONDUCTIVITY

Most measuring methods for the thermal conductivity go back to the steady-state
flat monolayer theory. In the Poensgen and HFM- methods, a flat sample, thin
compared to its sides, is mounted between a warm and a cold plate on different
temperatures. Once che scteady-state is reached, the heat flow through and the
temperature difference over the sample are measured. Knowing the sample
thickness d, the thermal conductivity follows from equation (1.3}

In a hot box-cecld box apparatus, the same flar monolayer approach is used, with
the sample mounted between a warm and cold chamber {air-sample-air).

More unusual, but applied, are non-steady-state methods, deriving the rthermal

conductivity from a measurement of the thermal diffusivity.

T.2.2 THERMAL RESISTANCE

See thermal conductivity.

T.3.1 THERMAL DIFFUSIVITY
Can be derived from a non-steady-state measurement in a HFM-apparatus using two
samples between the hot and cthe cold plate, and measuring the contact

Temperatures samples - plates and sample - sample.

T.3.2 THERMAL EFFUSIVITY

A calculated quantity, e.g. coupled to a mnon-steady-state (measuring the
diffusivity) and a steady-state (measuring the thermal conductivity)} test in a

HFM-apparatus, using the formula:

RIC P E

H.1.1 MOISTURE CONTENT

The different methods, used to measure or evaluate the moisture content of a

material are:

- electrical, coupling the change in electrical resistivity or dielectric
constant to the moisture content  in the porous material.
The problem with these electrical methods is that the change in resistivity
or dielectric constant is not only coupled to the moisture but alss to the

salt content. Also, for each material, a calibration is needed;

Cuaprer 1 : MATERIAL PROPERTIES PAGE 1.24




.IEA Arnex x1v "CONDENSATION AND ENERGY" Source Boox

gravimetric, weighing the sample before and after drying;
chemical, registering the change in pressure in a pressure bottle as a

result of a water-carbide reaction, giving acetylene-gas;

o

.- gamma ray intensity attenuation, based on the relation between the wet
density and the gamma ray transmissivity of the material;

.- MNR- scanning, measuring the change in H*-electron spin under a strong

. magnetic field.

Of these, the gravimetric procedure is the reference.

H.2.1 VAPOUR PERMEABILITY, VAPOUR RESISTANCE FACTOR, DIFFUSION THICKNESS
.The dry and wet cup method is used to measure these properties: a sample of the
material is mounted on a vapourtight cup, partly filled with distiled water, a
saturated salt solution or a dessicant, held in a climatic chamber at constant
.temperature and relative humidity, and weighed cvery 2 days to every weck. The
result is, at first a non linear transient weight change, followed by a linear
.relation <weight increase or decrease, time>. From the slope of this line, the
vapour permeability, wvapour resistance factor or diffusion thickness can be
calculated,
For complex systews such as masonry, roof coverings etc.,the (equivalent)
diffusion thickness is derived from an interstitial condensation test.
.For finishing materials and isotropic, homogeneous hygroscopic building
materials, the diffusion thickness may be derived from a time-logged hygroscopic

moisture uptake, coupled to a small increase in RH.

H.2.3 MOISTURE CONDUCTIVITY

.This requires the measurement of the suction curve and the moisture diffusivity.
The suction curve can be calculated using the hygroscopic curve of the material
and the results of pressure plate tests, sand-bed tests and mercury porosimetry.

.The moisture diffusivity follows from a space-time scanned change in moisture

H.2.4 THERMAL DIFFUSION COEFFICIENT

.This can be calculated from a space-time scanned moisture transfer test under a

content during a l-dimensional capillary uptake or drving test.

.steady-state temperature difference.
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H.3.1 MOISTURE DIFFUSIVITY

See moisture conductivity

H.3.2 WVATER SORPTION GOEFFICIENT

The water sorption coefficient results from a capillary suction test, scanning
the weight increase as function of time. Redrawing the results in a <g, - th>-
curve (g, in kg/m?; t in s) normally gives & system of 2 straight lines, the

slope of the first being the water sorption coefficient (fig.l.3).

s

/

—_
I

vt

505

figure 1.3 The capillary suction test: m, (/t)- representation

AIR_FROPERTIES

A.1.1 AIR CONTENT

For most porous materials,the air content is given by the total porosity. This

property is measured by vacuum saturation of the material.

A.2.1/ A.2.2 AIR PERMEABILITY, AIR PERMEANCE

Both properties are measured with a sample of the material or a layer fixed
against an underpressure box, correlating the pressure difference with the
airflow through the material or material layer. For air-open, porous materials,
this correlation <airflow-pressure difference>» is a straight line, the slope
being proportional to the air permeability. For material layers, the correlation
fits very well with an exponential function, the air permeance per m? being the

derivative of this function.
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. 1.3.3 Standards

The measurement of properties supposes conformity with and the use of
srandardised methods. Otherwise, tests could be performed with different
.parameter values, with non reliable techniques or with the implicit goal to use
such a combination of influencing parameters, that the result obrained is as
positive as ©possible. However, wuntil now, national or/and internatiocnal

. measuring method standards exist for only some material properties.

@ THERMAL CONDUCTIVITY, THERMAL RESISTANCE
In most countries,a standard is accepted for the guarded hot plate, the heat
flow meter method and the guarded or calibrated hot box. In some countries also

. a non-steady-state method is standardised. Also ISO- standards exist:

COUNTRY GHP HFM GHB CHB NSS
B B62-201 B62-203 - B62-204 B62-202
FRG DIN 52612 - - - -
I UNI 7745 UNI 7891 - - -
NL NEN 7043 - - - -
UK BS 874,2.1 ~ BS 874,3.1 Bs 874,3.2 -
150 DIS 8302 DIS 8301 DIS 8950 DIS 8990 -

GRP: guarded hot plate; HFM: heat flow meter; GHB: guarded hot box
CHB: calibrated hot box; NS$S5: non-steady-state

VAPOUR PERMEABILITY, VAPOUR RESISTANCE FACTOR, DIFFUSICN THICKNESS
Cnly some countries have a standard, describing the dry cup- wet cup diffusion

test. Also, an ISO- standard exist:

dry cup - wet cup capillary suction
COUNTRY STANDARD COUNTRY STANDARD

B - B B 05-201

FRG DIN 52615 FRG DIN 52617

I - I -

NL - NL -

UK BSI DD146 ) UK -

IS0 IS0/R1663 ISG -

WATER SORPTION COEFFICIENT

Again, only some countries have a standard for the capillary suction test. No

I50- standard exist:
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1.4 EXPERIMENTAI RESULTS

1.4.1 Materials and components tested

In the frame of Annex l4, properties have been measured of:

b: BUILDING MATERJALS

blé
bl7
blg

concrete

light-weight concrete
cellular concrete
polystyrene concrete
mortars

bricks

sand-lime stone

masonry: bricks

masonry: concrete blocks
masonry: sand-lime stone
masonry: cellular concrete
gFpsum plaster

outside rendering

timber

particle board

plywood

woodwool -cement board
fibre-cement

i: INSULATING MATERIALS

il
i2
i3
i4
is
i
i7
i8

cork

cellular glass

glass- wool

rockwool

expanded polystyrene

extruded polystyrene

polyurethane foam/ polyisocyanurate foam
perlite board

£: FINISHING MATERIALS

f1
£2
£l
fa

wallpaper
wallpaint
carpet
timber slabs

v: VAPOUR RETARDERS
c: COMPONENTS

cl gypsum board
o: OTHERS

ol newspaper

02 periodicals
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‘.4.2 Analysis of the data

s far as is possible and meaningful, all data for each material or material

family have been related, by graphical, analytical and/or statistical means, to
.he influencing parameters.

Functional relationships used:

.T.Z.l THERMAL GONDUGTIVITY

- density : linear or exponential
¢ temperature : linear
‘ moisture content : linear
"l.l.l MOISTURE CONTENT

- relative humidity (hygroscopic moisture content):
. the sorption and desorption curves have been fitted with a function
® -

A1.92 + Ag.d + Ay

.{.2.1 DIFFUSION RESISTANCE NUMBER
.— density: linear or exponential

- relative humidity: for most materials, except wood and wood linked ones:

o 1
o= .
Bl.¢“ + B

. For wood and the wood linked ones, an exponential relation is taken:

@ L/u= Gy exp(Cy.g)

q'l.3.1 MOISTURE DIFFUSIVITY
. Is, as far as the water sorption coefficient and the capillary moisture

content are known, calculated with the formula;

@ - 0.006738. (Aw)2. exp(6.h. wiw)

ALL OTHER PROPERTIES
.’\ave only randomly been linked to one or another parameter (mostly the density)
All relations are, because of too few results or, too narrow limits of variation
or, no variation of influencing parameters or, the guess of functional
‘.‘lependence, by definition incomplete. If more information becomes available,

further refinements may be necessary.

.CuAPTE.R 1 : MATERIAL PROPERTIES PAGE 1.29



IEA Anngx x1v "CONDENSATION AND ENERGY" SQURCE BOC!K.
1.4.3 Database .

The results are sumparized in the 'Catalogue of Material Properties’- databas

[2]. The darabase concerns ‘measured values, without any correction for practice

purpeses’ . .
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Chaptexr 2

MOULD

Authors:

C. Hunter
BUILDING RESEARCH ESTABLISHMENT
Garston, Watford, United Kingdom

and
C. Sanders

BUILDING RESEARCH ESTABLISHMENT, Scotcish Laboratory
Kelvin Road, East Kilbride, Giasgow G75 ORZ, United Kingdom

2.0 INTRODUCTION

As stipulated in the summary, condensation occurs when humid air is cooled below
.its dew point, depositing liquid water as a mist in the air or as a film of
droplets on surfaces such as windows. Although the condensed water can in itself
.be a nuisance at times, the most si‘.gnificant cause of distress to occupants is,
with high relative humidities, the promotion of the germination and growth of
moulds on wall surfaces and on furnishing or clothing. Surfaces are disfigured
.causing psychological disrress to the occupants as the house appears 'dirty’;
unpleasant 'musty’ odours are noticed; questions are raised as to health hazards

. from spores released by the moulds.

. subgroup of fungi, one of the major divisions of the natural world. Tc establish

The moulds that grow in houses are normally members of the [Deuteromycetes

limiting conditions for growth and identify successful control strategies, we
. need to understand the basic biology of the organisms. As hundreds of thousands
of different species of fungli are known to exist, this could be an almost
impossible task. However the more important groups that occur in housing are
.represenced by only a few tens of species on which research has been

concentrated,

®
o
. CHAPTER 2
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A number of conditions have to be met for the successful germination and growct'

of moulds:
Fungal spores must be present .
Oxygen ) ®
Suitable temperatures
A mutrient substrate .
Water

The first four of these are readily available in housing; spores are always.
available from the outdoor air; oxygen is obviously present; CTemperatures
between 10 and 30°C, typiecnl ‘vroom' wemperatures, are suivable for mould growth;

even the cleanest house has an adequate nutrient supply. The key factorffy

This chapter summarises the relevant microbiclogy of the fungi and discusses the

therefore is the presence or absence of available water.

important species, the conditions for their growth and possible control
strategies in the light of recent research. In recent vears three aspects have.

received particular attention:
1. The traditicnal view that acrtual condensation, with the deposition

untrue.

o
liquid water, has to occur to promote mould growth has been shown to b
The concept of water activity (a,) of surfaces has been introduced by

‘®
e
microbiclogists to quantify the water available to the organisms. It can in

|
®
steady-state conditions be thought of as the relative humidity at the.
surface divided by 100. '
Experiments have shown that important moulds can germinate and grow at.
water activities significantly below one, as low as 0.8 in some cases. This
obviously imposes a more stringent censtraint on internal climates than the

need to avoid saturation at the surface. .

2. It has become apparent that great care must be taken when aerial sampling .
is carried out, to obtain spore counts representative of long term
conditions within the house. In fact it appears that at any moment in Cime
the number and type of spores in the air depend as much, if not more, on
the degree of activity in the rooms, than on the amount of mould growth on

the walls. It is unlikely rhat a single visit will produce representative ()
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. data; repeated visits with careful note being taken of household

characteristics and recent activities are essential.

(Vs

Increasing concern is being expressed as to the health problems that may
result from long term exposure to moulds. Except in the case of atopic
individuals, who are unusually sensitive tve allergies, there 1is little
definite evidence linking mould growth tvo specilic health problems,
However, it is certainly right to accept that the widespread growth of
moulds on the interior surfaces of our houses is unacceptable ir todays

world.

2.1 MICROBIOLOGY OF MOULDS

Moulds are characterised by a distinctive, filamentous vegetative structure

known as the mycelium. This consists of a branching system of walled tubes, the
. hyphae, which extend by apical growth and lateral branching; growing over the
substrate from which they extract nourishment. After a period of growth,
reproduction occurs with the formation of spores, uni- or multi-cellular bodies

that become detached from the parent and give rise ro new individuals.

Germination

Development of
mycelium

mycelium

Figure 2.1: The live cycle of a mould fungus
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Mould spores are liberated from the parent either passively with rthe required.
energy provided by an external source such as wind or by active discharge wich
the necessary energy provided by the organism [55].

Numerically, fungal spores commonly dominate the air spora, probably
outnumbering pollen and bacteria. This predominance is related to several
factors which many fungi exhibit, primarily their enormous spore production, A.
coleny of Pepicillium, 2.5 cm in diameter, may bear 4 x 109 conidia (53] and
sporulation of GClad ium c iod is estimated to reach 2.5 x 10¢
spores mg-l dry mycelium under moist conditions [47]. Octher important faccors.
are the ability of spores to retain the power to germinate over a wide range of
temperatures, relative humidities and light energies, to resist dessication and.
the ease of spore liberation.

Moulds are present at all times gut of doors on dead and decaying organic matter‘.
and in the soil. However Gregory [44] considered that the majority of outdoor
airborne spores originate from vegetation above ground level. Typically levels

of mould spores outdoors during summer are 50000 m-? of air. While the numbers .
decline during the winter to several hundred m*3 [54] because of the normal air
eXchange between outdoors and indoors, for example through open doors and
windows, a source of mould spores is always present in the air of all dwellings. .
Spores which have settled on to surfaces, aleng with dust particles, can be
resuspended via household activity and also the popularity of houseplants .
especially in countries like The Netherlands has produced a possible source of

infection indoors.

REQUIREMENTS FOR GROWTH .

Apart from a source of spores, which as mentioned previously are always present
in the air, the main requirements for the growth of moulds are:

Oxygen

Suitable temperature

Nutrients

Moisture
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Oxygen

Most filamentous fungi are obligate aerobes, i.e. they are unable to grow in the
compleLe absence of oxygen, although a very minuLe amount is often sufficient.
For example Pencillium roqueforti can grow at an oXxygen concentration of leés

than 0.14% [72]. Certainly the oxygen level at nearly all surfaces in dwellings

is sufficient to permit the growth of moulds.
Temperature requixements

In general, moulds can exist over a very wide range of temperatures. Individual
moulds obviously have an optimum temperature range which assists in breoadly
classifying moulds according to their temperature requirements - psychophilic,
mesophilic and thermephilic. For practical purposes, while growth of moulds is
retarded by sub-optimal temperatures, they will tolerate temperatures likely to

be encountered at wall surfaces during the winter in problem dwellings.
rient

Due to their lack of chlorophyll, fungi cannot carry out the complex process of
photosynthesis and hence they obtain their food either as saprophytes or
parasites. Their ability to wutilise a wide range of carbon compounds 1is
remarkable. Normally in nature, the organic material in the substrate would

usually furnish the nitrogen for growth of fungi. However, most imperfect fungi
are able to utilise inorganic nitrogen in the form of nitrates or ammonium as
sources of nitrogen. Similarly mnacturally occurring organic compounds often
furnish all the inorganic salts necessary for growth. The level of these
nutrients required is minimal and perfectly well satisfied by normal levels of
dust and other deposits even in well cleaned and maintained homes. vhis is also
the reason why moulds often occur on materials containing no organic substances,

such as stone, mortars and plasters [20].
Moisture

The availability of sufficient moisture is probably the most important criterion
for mould growth. The mycelium presents a relatively large surface area per unit
volume which permits rapid absorption of nutrients and water under favourable

conditions but is very susceprible to adverse environmental pressure.
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Absorption of moisture from the enviromment occurs chiefly via osmesis (passive
transport) but the cell can also take up water and other molecules against a
diffusion gradient (active Lransport) using enzymes in the cell membrane at the
expenditure of a large amount of energy. A mould can also absorb water molecules
from the atmosphere in this manner, if the relative humidity is sufficiently
high. Beside absorbing water from the surrounding environment, the cell also
produces water itself via energy-metabolism, for example the breakdown of

carbohydrates and fats releases water [2].

2.2 SAMPLING TECHNIGUES

2.2.1 Air sampling

The basic strategy of air sampling is to collect micro-organisms, by optimum
means, and demonstrate their presence by appropriate methods. This has resulted
in a large number of devices being produced as discussed by Davis [32], Gregory
[44]), Chatigny et al. [27] and Beaumont [10] ameng others. The various methods
can be divided into three groups:

- non viable spore samplers

- viable samplers

- immunclogical analysis.

Immunological detection is a fairly new technique which is rather expensive,
requiring sophisticated laboratory apparatus. However, it is probably of use in
determining which particular mould species induces allergy in mould sensitive
asthmatics. Non viable sampling relies wupon the presence of distinct

characteristics on the spores enabling detection among the background inorganic
particles. Aspergillus, Penicillium and other_small spored genera are virtually
indistinguishable using this method from background dust particles. Because
these genera tend to predominate indoors (see 2.3), sampling for viable micro-
organisms is the best means of determining the level and range of moulds present
in the air of dwellings.

The oldest and most common viable sampling technique is the "Settle Plate"
method which may be considered a useful technique for giving a semi-quantitive
impression of moulds indoors [112] but is no longer the method of choice for
detailed analysis {23,106]. Most other sampling devices draw a known volume of

air through an orifice by means of a vacuum pump, accelerating the air to a
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point where spores are impacted onto an agar surface or into liquid. The major
drawback of this method is that it relies on short sampiing periods, therefore
the duraticon time and location of sampling are all important in determining the
final result and should be carefully selected to obtain representative spore
counts. This has been demonstrated by Hunter et al. {[54] during extensive
studies in the UK which revealed that while spet air samples, i.e. single visits
to dwellings, provide some information, this is only of limited wvalue in
building up a comprehensive picture of the domestic air spora which requires

sequential sampling over several weeks.

The actual length of the sampling period varies from house to house depending
upon the conditions: in dry c¢lean houses the sample time will be longer than in
damp mouldy homes, sample periods of up to a few minutes are commonly used. Of
course the duration of sampling will also depend on the selected apparatus.

Verhoeff et al. [112) noted a difference between samples taken in the morning
and afternoon, and it is recommended that sampling in individual dwellings
should be carried out at approximately the same time each week. The number of
spores collected at different heights within a room can also differ [95],
therefore the level of the sampler should be held constant over the sampling

programme, a convenient table or box can be used as a support.

In a comprehensive comparison of air samplers and culture media [112] it was
found that malr extract agar {MXA) and dichloran glycerol 18 agar (DG-18) gave
the highest yield in terms of numbers and range of moulds isolated. MXA is
widely wused in aerobiological studies, (10,14,15,25,54,68,112] allowing
comparisons to be made, and for this reason and its apparent usefulness as a

broad spectrum cocllection media, the use of MXA is recommended.

As will be discussed in Section 2.3 it appears that the number of spores in the
atmosphere depends upon the level of activity in the room as well as the extent
of mould on the walls. Therefore careful records must be kept of the usage of
the room, pumber of occupants, state of cleanliness, number and type of pets and
houseplants etc to help understand and explain level of counts and any

variations.
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2.2.2 Surface sampling .

Sampling of surface mould growth is normally achieved by rubbing sterile cotton
buds or culture swabs over a specified area [54,68]. The SpO]:'é:S are resuspended
in a suitable dilutant and aliquots plated out onto media (for example MXA) from .
a subsequently prepared serial dilution. Pressing adhesive rtape [2,68] or
specialised agar plates [83)] against the wall surface has alsoc been used rto
demonstrate mould growth on wall surfaces. The resultant colonies on agar will
usually be a mixed population of micro-organisms, which require subculturing on

to fresh agar ro provide pure cultures for identification. .

Microscopic examination of the adhesive tapes for fungal hyphae or hyphal .
fragments will give an indication of whether or not the mould is growing.

However conformation by the use of swabbing and culturing spores on agar is

needed to ensure that hyphae were not missed (because of the small sample area .
of adhesive tape} or that the mould was growing beneath the surface. .
2.2.3 Identification .

Identification of fungi is normally based upon the spores only or upon sporing .
structure. To initiate sporulation some may require incubation under near uv
light (’'blacklight’, emission about 310 nm}, while others require diffuse .

daylight and the majority can grow and sporulate under complete darkness. .

Appendix 2.a gives details of the manuals used by Lombardi et al. [68] and .
Verhoeff et al. [112] for the identification of moulds. However there is a wide
range of suitable manuals and monographs available such as Onions et al. [84].
Comparison of isolates with isolates obtained from natural culture collections

can also help with identification.

2.3.1 Mould spore levels in dwellings

Although levels of spores approaching 450 000 colony forming units (cfu) m-3

@

- @

2.3 IMPORTANT SPECIES IN HOUSING .
|

®

have been reported in the domesrtic atmosphere [54], the levels normally recorded

have been much lower. Maxima's of approximately 6000 have been reported by
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.several authors [60,61,76,104], while others have recorded levels of between
13000 and 20000 spores m~3 [12,17,52,105,112]. However Hunter er al. [5&] also
noted counts in several dwellings of approximately 20 000-116é 000 indicating
that large numbers of spores may be present in the air at certain times. These
indoor levels of airborne spores can be seen in perspective when compared with

.levels obrainable in the work environment. Kolmodin-Hedman et al. [57] recorded
106 cfu m3 in the basement of a museum where mouldy books were stored, while
borh Lacey [63]) and Strém and Bleomguist [108] found the concentration of spores

.in factories where mouldy products were being handled sometimes exceeded 10% m'3.
Also outdoors during the summertime counts of >30 000 spores were frequently

.recorded [66] and up to 100 000 Cladosporium spores m3 in the UK are possible

[45].
o

While the air spora indoors is often considered to be a reflecrion of chat

outdoors (but at a reduced level) during the spring to autumn period [1,67], the
.airborne spore count within dwellings during the winter is normally greater than

outdoors {11,12,54,7%,105)

For example Solomon [104) reported counts from >»10 to 20 000 in homes in the

midwestern states of America while the outside counts never exceeded 230 cfu

m3. The counts outdoors in Canada were reported to be negligible whilst rhose

@ indoors were >1000 cfu md [79].

.The wide variation observed in the numbers of speres in the indoor atmosphere
.(Figs 2.2 and 2.3), beoth between and within individual dwellings [54,68,112]
indicates little can be deduced from single air samples. Verhoeff et al. [112]
.found that even plates from successive samples showed a degree of variation in
the number of colonies appearing, but this might have been due to the short
sampling time. This variation can alsoc be attributable to the extent of visible
mould growth and to the nature and extent of any disturbances in the dwelling.
Routine monitoring of dwellings in the UK revealed that there was an increased
‘chance of the spore concentration exceeding 5000 m? when there was mould growth
on any surface in the room in which the air sample was collected [54]. Holmberg
[52] earlier reported that spore counts during still perieds in "mould-free"
dwellings were 6 to 2200 spores m™3, whilst totals of 10 000 to 15 000 were

likely where there was surface mould growth.
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Figure 2.2 and 2.3

Number of colony-forming units in air samples taken weekly in two dwellings

(after Hunter et al)
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.Large temperal fluctuations in concentratien can occur, for example, when
furniture is moved or a vacuum cleaner is used. Swaebly and Christensen [109]
and Maunsell [75) demonstrated that dust-raising activities such as shaking
bedding and sweeping carpets or floors could increase counts on settle plates up
to 14-fold. Some measurements have also been made on the extent and duration of

.spore release following physical disturbance by hand brushing of an area of
mixed mould growth [54). Counts 0.3 m from the wall increased by a factor of
approximately 400 to nearly 900 000 cfu m3 immediately after brushing. Away
from the wall trhe maximum count was recorded after five minutes and was less
than one-fifth of that at 0.3 m. Subsequently the counts at both sampling points

.decreased with time but even after 90 minutes levels were still wvery high.
Physical dislodgment of spores, for example by cleaning or occupants

.ac‘.cidentall}r brushing against surfaces, would therefore appear to have an

.important role in distributing speres and boosting the count in the acrmosphere.

.Examination of data from 26 published aerocbiological surveys of the indoor air,
wainly from Europe and North America (Table 2.1) revealed thar Pepicillium,
Aspergillus and Cladosporjum were isolated in the most number of surveys. Fungi

. in the genera Penicillium and Aspergillus are generally held to be particularly
characteristic of the indoor air spora [1,13,104].

.This was also reflected in the recent studies [54,58,112), whose werk has been
submitted te IEA, where 36 Pepicilljum species were identified, the largest
number of speciles assigned to one genus, 15 species of Aspergillus were recorded

. (including Eurotium spp. now considered synonyms of Aspergillus) [8]. However
only Aspergillus versigolor and four peniciliia (P brevicompactum,

.P__mmm, P.corylophilum and P.nigricans) were recorded by all three
groups.

Apart from the previously mentioned aspergilli and penicillia only six species

.were recorded from air samples by the three groups, these were: Ag¢remonium

@ cladosporigides, C sphaerospermum and Stachybotrys atra.
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Table 2.1: FREQUENCY OF OCCURRENCE OF COMMON MOULDS IN AIR SAMPLES TAKEN FROH.
26 PUBLISHED STUDIES
(%) (%) .
Penicillium 100 Geotrichum 38 9o
Aspergillus 92 Helminthosporium 38
Cladesporium 92 Monilia 35 .
Alternaria - &1 Scopulariopsis 35
Aurecbasidium g1 Stemphylium 31
Fusarium 73 Verticillium 3l -]
Mucor 69 Curvularia 27
Phoma 65 Nigrospora 27 . .
Epicoccum 62 Stachybotrys 27
Rhizopus 58 Torula 27
Trichoderma 50 Trichothecium 27 .
Botrytis 46 Gliocladium 23
Acremonium 42 Qospora 19 .
Paecilomyces 42 Ulocladium 19
Chaetomium 38 .
Data derived from: Ackermann et al. {1969); Burge et al. {1980); Chen & Chuang
(1975); Fergusson et al. (1984); Flensborg & Samsoe Jensen (1950); Fradkin et .
al. (1987); Gravesen (1972); Hirsch & Sosman (1976); Hunter et al. (1988); Kozak
et al. (1980); Leverin & Hurewitz (1978); Lombardi et al, (1988); Lumpkins &
Corbit (1976); Lumpkins et al. (1973); Maunsell (1952); Popescu & Capetti .

(1971); Richards (1954); Ripe (1962); Rogexrs (1983); Schaffer et al. (1953);
Sneller & Roby (1979); Sclomon {1975); Van der Werff (1958); Verhoeff et al.
(1988); Wallace et al. (1988); Wallace et al. (1950); Wray & O'Steen (1975).

Table 2.2: FREQUENCY OF OCCURRENCE OF COMMON MOULDS ON WALL SURFACES TAKEN
FROM 14 PUBLISHED STUDIES

%) (%)
Aspergillus 93 Phoma 36
Penicillium 85 Ulocladium 36
Cladosporium 71 Acremomium 29
Auresbssidium 64 Paecilomyces 29 )
Alternaria 57 Stachybotrys 29 ‘
Scopulariopsis 43 Fusarium 21
Mucor 36

Data derived from: Adan & Weersink (1988); Barry {1978); Burr et al. (1988);
Erhorn (1988); Fergusson et al. (1984); Hirsch & Sosman (1976); Hunter et al.
(1988); Kozak et al. (1980); Lombardi et al. (1988); Miller & Holland (1981);
Richards (1954); Senave (1988a); Van der Werff (1958); Wray & O'Steen (1979).
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.2.3.2 Prevalence of moulds on surfaces
ergillus, Penigillium and Cladosporiym were again the most commonly isolated

genera in surveys of indoor surfaces (Table 2.2) and samples of house dusc.
‘Table 2.3). The general trend in the frequency of occurrence of the other
fungél genera on surfaces was also similar to that from air samples (Table 2.1).
as occurred with data provided from air samples by IEA Annex X1V participants
versicolor, P.brevicompactum and P.chrysogenum were again the most common
aspergilli and penicillia from surface samples taken in Belgium [100], Italy
.(‘:8}, The Netcherlands |2}, Uermany [35] and the UK [54].
* Cladogporium species were isclated from surfaces in four countries and found in
.dust samples in the fifth (The Netherlands). Most species of Aspergillus and
Lllium are considered to be xerophilie, i.e. capable of growth at an a, of
0.85 or below [88], and species of Cladosporium can also grew at levels below
.).85 {41]. Another xerophile, Wallemia was predominant in samples taken by Adan
and Weersink [2]. This may explain why these genera are frequently isolated from
dwellings.
. relationship between the occurrence of a fungus on a mouldy surface and its
appearance on sample plates was observed by Lombardi et al. {68]. They
.idenl:ified Cladogporium gphaeyospermum from mouldy wallpaper and paint which
comprised >85% of the cfu’s identified, while on settle plates the species
accounted for 67% of colonies. This was alsc noted by Hunter et al. [54]; when
St otrys atra was predominant in mould growths it occurred in 86X of the air
samples and spore counts up to 17 900 of this species were recorded. Senave
.[100] isolated a larger number of species from wallpapered (13 species) than
from painted surfaces (8) and the frequency of occurrence was higher (Table
2.4), although samples were taken from different rooms and therefore conditions
to which the mould growth was exposed would differ. In contrast Lombardi et al.
[68] in the same room found 12782 c¢fu from a painted surface but only 96 from a
.similar area of “mouldy" wallpaper. This they suggested was the result of the
differing nutrient sources. However C.sphearospermum was the dominant organism
at both sites and one must assume that other physiochemical factors on the

.painted surface were also more amenable. to growth of micro-organisms.

.Colonisation of 2 surface is dynamic, responding to and being influenced by the
immediate environmental conditions; during the early part of the winter when the

surface was still relatively dry Grant et al. {41} reported xerophilic organisms
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Table 2.3: FREQUENCY OF OCCURRENCE OF COMMON MOULDS IN DUST SAMPLES TAKE
FROHM 6 PUBLISHED STUDIES

(%) (%)
Aspergillus 83 Alrternaria 50
Cladosporium 83 Mucor 50
Penicillium 83 Rhizopus 50
Aureobasidium 50 Trichoderma 50

Datva derived from: Adan & Weersink (1988); Gravesen (1978); Schaffer et al.
(1953); Van der Werff (1958); Wallace et al. (1950); Wray & O'Steen (1975).

Table 2.4: THE FREQUENCY OF OCCURRENCE OF MOULD SPECIES ISOLATED FROM WALLS
IN FOUR IWELLINGS (after [99]) (]
(a) On wallpapered (b) On painted .
surfaces surfaces
(%) (% ®
adlternaria alternaka 50 -
Aspergillus fumigatug 75 25 o
A.piger 25 _
Aureobasidium pullulang - 25
Cladosporium cladgsporiojdes 50 75 @
C.herbagum 50 -
Geotrichug candidum 25 25 @
Mugor sp. 75 25
Paecilomyces variotii 25 -
icillj brevj 50 - ‘.
P.cyclopium 75 25
E.funiculosupy 75 - .
ularjiopsis brevi i 25 25
Ulocladium ¢onsorciale 75 75

(Benicillium spp. and Aspergillus versicoler) were predominant but as the winter
progressed and conditions became very wet Ulogladium and Stachybotrvs atra were

dominant.
Other authors suggest that decay increases the water availability to moulds [34]

or that ‘"conditioning" of the surface by moulds has to occur prier to

colonisation by perhaps more demanding species [87,118]
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‘.f& LIMITING GONDITIONS FOR GROWTH

lthough the factors influencing growth are discussed separately, rarely (if
ever) do they act independently and are also subject cto fluctuation. The reader
&hould bear in mind that aleng with other factors not discussed such as pH or

competitive effects of other moulds they will influence the effect each factor

cxerts on the colonisarion ot surfaces by moulds.
2.4.1 Temperature

Below 0°C, fungal cells may survive but rarely grow, and above 40°C most cells
stop growing and soon die, but between these temperatures fungal activities
.i.ncrease and decrease [33] probably due to the effect of temperature on enzymes
involved in growth. While wost moulds have minimal temperatures of 0-5°C, some
&solated from domestic dwellings (such as Cladesporium herbarum and Penicillium
expansum) ¢an grow readily on meat at freezing peoint and even a few degrees
.nelow [(21] and a yeast has been reported as growing &t -34°C [53). Six mould
.species selected because they were commonly isolated frem air and surface
samples of dwellings prew teo a certain extent at 5°C on agar, emulsion painted
.-rallpaper and emulsion painted plaster [41). Senave [99] reported that
Penigillium cyclopjium was able to grow at 30°C on all nine combinations of
.plas_ter and surface finishes examined. The reaction of various species to

.temperature has also been examined by Waubke and Wallnéfer [115].

.2.4.2 Water activity of the surface

.l‘he susceptibility of different substrates in dwellings to mould mainly depends
._\pon the water activity (a,) in the particular sub;trate. Water activity is a
measure of the availability of water to micro-organisms and is determined from
‘he ratio of the vapour pressure of the water in the substrate to that of pure
water at the same temperature and pressure. This ratio is in steady-state
conditions numerically equal to the equilibrium relative humidity (ERH) of the
.air except that the latter is commonly expressed as a percentage. When a
substrate is placed in an atmosphere of fixed RH it will absorb and/er loose
.noisture until it comes inte equilibrium with the atmosphere. At this point the
water activity of the substrate is the same as that of the controlling solution

producing the atmosphere.
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Much work has been done on determining the minimum a, for germination, growt.
and sporulation of moulds on artificial media (Table 2.5). From published dati
it can be seen that germination of fungal species occurs at an ay, below that to

sustain linear growth and likewise the pinimum a,, value for sporulation of .

parcicular species is often higher than that required for linear growth.

Table 2.5: MINIMUM WATER ACTIVIVIES NOTLRD IN THE LITERATURE
(a) germination (b) growth (¢) sporulation
Alternaria alternata 0,B85(H,J) 0.85¢(M);0.88(H) 0.90(H,M) .
Aspergillus versicolor 0.74(N);0.75¢J)  0.75(M);0.78(c,H) o.sa,my @
0.76(H)
Cladosporium cladosporiodes O.85(L,K);0.86{H) ©.88¢l) 0.90¢11) .
0.90(D) . ‘
Mucor plumbeus 0.93(0) 0.93(C M) 0.93(M)
Penicillium brevicompactum 0.78(G);0.80(H) 0.8L(C);0.82¢H) 0.85(H) .
0.81(K) .
Penicillium chrysogenum 0.79¢AY:0.7B(G) 0.79¢CY;0.85(L) 0.86(M)
0.81(F,I);0,84(L) ®
Stachybotrys atra 0.85(B);0.90(D) 0.94(B,C) 0.96(J) .
KEY: A Armolik & Dickson (1965) I Mislivec & Tuite (1970) .
B Ayerst (1969) J Panasenko (1967)
C Christian (1980) K Pelhate (1968)
D Galloway (1934) L Pitt & Christian (1968) @
E Grant et al. (1989) M Reiss (1986)
F Groom & Panissert (1933) N Smith & Hill (1982) .
G Hocking & Pitt (1979) ¢ Snow (1949)
H Magan & Lacey (1984) - .

Studies have also been carried out on the a, requiremencs of moulds isolated
from the air and surfaces of domestic dwellings [41,49,99] using different‘
substrates, chosen to be representative of those found in dwellings. These
substrates were inoculated with spores of various moulds either as a pure.
culture [41] or as a mixed population [49,99) and incubated over saturated salc
solutions known te¢ maintain constant RH, in the case of Herbak [49] the RH was
controlled mechanically. Senave (99] found that mould growth was not seen on any .
samples cultured at 86% RH over a ten week period. At higher RH the rate of
@
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.appearance of mould on the substrates was related to the RH, i.e. mould was
‘noted after five weeks at 92% but after only two weeks at 99% RH. The appearance
of mould was also influenced by the hygroscopic nature of the finish and
nutriticnal status. Examining the growth of selected fungi on woodchip wallpapex
at a temperature considered representacive of wall surfaces in problem dwellings
.é.uring the winter (12°C), Grant et al. [41] noted the a, minimum for the most
xerotolerant species  examined (Aspergillus  wversjcolox and enicilli
W chrysogenum) te be 0,83, This was alsc observed by Herbak [49], who reported
that the minimum RH for growth was 83% (the lowest RH examined). Herbak [49]
introduced the concept of & "mean growth factor" (MGF) that combined rthe
.proportion of replicates covered and the degree of development of the moulds.
The average MGF over six substrates eXamined were 1.1% at 83% RH, 2.2% at 90% RH
and 16.7% at 97% RH.
.Over a range of temperatures between 5-25°C, Grant et al. [41] also noted a
general trend of increasing temperatures permitting growth at lower a, (Fig
.2.4). Ochers [64,73,80,101,110] have also moted this phenomencn, namely that at
temperatures distant from optimum conditions che range of water activities
permitting germination and growth is reduced. "
Although there are differences in the minimum a, for growth between the
informarion derived [41,49,%99] (which may be a result of culrural conditiens,
.isolates or nutrient availability) it appears chat susceptible surfaces are in
danéer of developing mould growth if their surface a, rises above .B0. This has

to be for a sustained period as it takes several days for spore germinatiom to

. occur,

0., Air humidity

.The air humidity of & dwelling depends not only, by' outside air wventilatien, on
the ourside humidity, but also on the moisture production as a result of normal
family life, It has been estimated that a family of four during a 24 hour period

.releases some 7- 14 litres of water into the air as a result of breathing,
cooking, bathing and washing and drying of clothes indoors {22]. Hence the air
humidity will fluctuate throughout the day and this will be reflected in the

.surface humidity (or water availability), not only at the site of production but

also in other rooms.
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Figure 2.4 Effecr ot temperature on minimum a, for growch on woodchip paper
(after grant et al, 1989) .
2.4.4. Nutrient availability and substrate
Both Senave [%9] and Grant et al [41] have shown that the availability of
nutrients plays an important part in the abilicty of moulds to colonise a surface.

at rteduced a, [41,9%9]. On woodchip wallpaper, in general, the addition of a
carbon source in the form of carboxylmethyl cellulose (CMC) or emulsion paint
caused a reduction in the minimum a, required for growth of moulds vested (4l].
Indeed under the most optimum conditions when both emulsion paint and CMC were
available to the fungus, the minimum a, for growth of Aspergillus versicolor and.
certain penicillia was the same as that reported on agar. Senave {99] noted that
wallpaper and wood fibre paper are most susceptible to mould growth, whereas
mould growcth only occurred freely on vinyl paper at 99X RH.

The incorporarion of polyvinyl acetate into plaster can encourage mould growth
by acting as a nutrient source [82], by increasing the capillar condensation.
within the plaster and the rate of carbonation of the plaster. The extent of
carbonation of plaster also influences any mould growth on subsequently applied
wallpaper. Waubke [l114] also observed that mould growth was influenced by the
level of carbon dioxide and cigarette smoke deposits. The use, by Herbak, of an

artificial pellutant (lactic acid)} to simulate soiling [49], resulted in greater .

d
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.growth occurring on test panels compared Lo corresponding panels free from
poltution: rhe mean growth facrors rose from 1.1% ro 1.7% ar 83% RH, from 2.2%

to 11.9% at 90% RH and from 16.7% to 30.1% at 97% RH.

2.5 HEALTH HAZARDS

Mould growth occurs in houses which, for the reasons discussed previously, are

actually damp and frequently cold. Alone, these conditions are not conducive co

good health and cold air is known to aggravate asthma {59]).

Also respiratory problems can be caused by non biological material, chiefly high
.concentrations of nitrogen dioxide, carbon monoxide and formaldehyde [6]. These

environmental conditions are impertant in affecting the health of occupants and

should be borne in mind when considering the possible health hazards of moulds.

2.5.1 Mycotoxins and organic volatiles

Although toxic compounds are known to be present in fungal spores [4] and
mycotoxioses {(the ingestion of toxic metabolites) dees occur [56), relatively
i little has been published regarding the possible health hazards of inhaling
I fungal mycotoxins. In reviewing mycotexins in the air, Flannigan [37] reported a
.nu.mber of medical cases, both in the domestic and work environment where the
symtoms could be attributable to inhalation of mycotoxins by the patient. For
example, Croft et al. |[31] reported that che long term inhalation of
Sta otr spores could have caused the chronic health problems in
members of a family. Symptoms consistent with trichothecene toxicosis were
. observed and several macrocyclic tricherhecenes were isolated from the spores of

the fungi both found in the air and growing on surfaces in the dwelling.

Both Samson (97] and Jorde er al. [56] suggested rthat wvolatiles from fungal
spores, mainly short chain alcohols and aldehydes such as methyl-l-butanol, 2-
.hexanone, 2-heptanone [79] and l-octen-3-e0l [97], can affect the health of
occupants. Complaints resulting from eXposure to these wvolatiles include
) .headaches, eye, nose, throat irritarion or fatigue. However the actual number of
people who may be affected by mouldy odours is unknown, for the response of

individuals range from no reaction to becoming quite ill [97].
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2.5.2 Mould spores

The major health risk arising from exposure to fungal spores is one of allergy.
In some cases sensitization occurs upon exposure Lo an allergen resulting in the
production of specific antibodies so that subsequent exposure causes allergic
symptoms. There are two major patterns of respiratory allergic response: the so-
called type I or anaphylactic reaction and the type III or toxic-complex
syndrome. However type IV (cell-mediated) reactions are also considered to

participate in type III diseases [6,62].

Type 1 allergy tends to be hereditary [6] and involves only a émall number of
particularly sensitive (atopic) individuals, but type III allergies can be
induced by exposure. Although normally «this is to exceedingly high
concentrations of spores, for example 500 to 3000 x 108 m3 [18) which is many
times higher than the maximum of 449 800 cfu m> recorded in problem dwellings

[(54].

In addicion te spores, other particles which can elicit a response when inhaled
are pollen grains, animal dander, bacteria, coal dust etc. The size of a
particle determines how far it penetrates into the respiratory system and hence
where it would cause a response. Fungal spores invelved in type I allergy are
generally greater than 5 um and these include commonly occurring species such as
Alterpnaria_alterpata, Botrytis cinerea, Cladogsporium heybarum, €. macrocarpum,
Drechslera spp. and Epicoggum purpurascens (ﬁ*nigggm)‘[BO].

The spores smaller than 5 pum for example those of Aspetgillus and Pepicillium
Spp. penetrate to the alveoli, where they may cause alveolitis [65]. However it
is the spores of bacteria (actinomycetes) which are the causative agent of che
best known type III condition - Farmer's Lung.-

Type I allergic diseases (rhinitis and asthma) are the most common in the UK
{74) with «cype TIII (extrinsic allergic alveolitis or hypersensicivicy

pneumonitis) being extremely rare and are normally occupational [62,65]

While spores can induce allergies, there is no definite evidence correlatring the
level of spores occurring in dwellings with the induction of allergic diseases.

However exposure to Penicillium spores may be a contributory facter to the
disease in some asthmatic patients [26], since antibodies to Penicillium are

identified more often ameng asthmatics than non-asthmatics.
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Cases of individual mould allergies have also been documented. Kozak et al. [61]
described one 12 year-old patient highly sensitive to Alternaria, in who’'s home
the counts of this fungus were higher than any other species and 20 times higher
than in the control house. Anocther child was identified with a strongly poesitive
immunoleogical response to Stachybotrys atra, found growing on wet carpels in his
room. Earlier Samsoc-Jenscn |Y0| reported two cascs of allergy to Cladosporiug
fulvum.

2.5.3 Hites

The role of the mite Dermatophagoides pteronyssinug in house-dust allergy is now

accepted and a relationship established between the level of airborne mnite
allergen and the severity of patients, symptoms [90].

Gther species occur in dust samples and some have been shown te illicit allergic

responses [7,16). The major source of allergen is the feed pellet but the
pellicles of these mites can also be allergenic [111]. The optimum growth
conditions for house dust mites occur at 75-80% RH ([74], conditions in damp

dwellings which are alsc conducive to mould growth. Certainly allergy to both
mould and mites is common in asthmatics [48,107] and there may be an association

between mites and Xerophilic moulds. Lustgraaf [71] reported colonisation of

human skin scales by Aspergillus penicilloides was related to an increase in the
numbers of D, pteronyssinus.

2.6 SOME ELEMENTARY CONTROL STRATEGIES

There is no doubt that the primary control strategy for mould grow'h, and that
most likely to give sustained success, is to reduce the risks of high RH against
or condensation on the surfaces of rthe building fabric [18,19,22,58]. Such
measures are often coscly and are sometimes difficule to achieve because of
structural constraints or the life styie of the occupants., Where there are major

cost constraints or factors which preclude alternative action, fungicidal

methods of controlling moulds may be considered. Fungicidal washes are useful
for cleaning down operations and sterilising infected surfaces, and fungicidal
paints can be used for redecoration, The composition of surface

coatings/treatments inhibiting fungal growth is discussed by Meinhardt [77].
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Results have shown that fungicidal washes are capable of initial sterilisation .

of wall and ceiling surfaces but most of those examined deo not provide
protection lasting more than a few weeks without reapplication [19]. Several
fungistatic substances have been used [%1) to prevent mould growth on polyvinyl
acetate dispersions and films. While fungicidal paints cost almost twice as much
as conventional products, service trials in the UK of proprietary fungicidal
paints in occupied dwellings, sclected for their past history of mould problems,
have shown that mould growth has not recurred in the longest of those trials

which extends so far to 2.5 years [19].

2.6.1 Fungicidal strategy

The strategy recommended by Bravery et al. [19] and contrel of moulds using

fungicidal remedies is:

a. Identify and, where practicable, deal with the source(s) of moisture. If it
is due to high RH or surface condensation, take steps to cure the causes,
Wherever practicable, improvements in insulation, ventilation and heating
of the dwelling should be considered. These actions must be accompanied

with a fungicidal remedy.

b. Ventilate the affecred room{s) during the removal of mould growths, to

encourage drying and reduction of concentrations of mould speres.

c¢. Employ an approved fungicidal wash to remove mould growths from surfaces
using safe handling procedures as specified by the manufactuéers /
suppliers. It is prudent to avoid inhalation of mould spores which can
induce allergic reactions, particularly in people prone to respiratory

problems, the elderly and the very young.

d. Remove badly affected paints and wall coverings.

€. Glean down the area with a further application of fungicidal wash and leave

the surface to dry before attempting redecoraticn.
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£f.

Redecorate with fungicidal paint; note that such paints are rendered
ineffective if papered over and cannot protect applied papers. Wallpapers
will require fungicidal protection if very high RH or condensation persists
but under very damp conditions are likely to become detached from surfaces
due to breakdown of the paste by moisture. Fungicidal pastes are not
intended toc resist mould growth under damp conditions once the normal

drying time of the paste is extended.
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Chapter 3

MODELIL.ING: Thermal Aspects

Authors:

C. Lombardi: Parc 3.1: Conduction
Polyctecnico di Tarino, TQRINQ - Italy

J. Reif and H. Erhorn: Part 3,2: Convection and radiation
Fraunhofer Institut Fur Bauphysik, STUTTGART - Germany

P. Standaert: Paragraph 3.2.8
"Physibel C.V., MALDEGEM - Belgium

3.0 INTRODUCTION

High surface RH and surface condensation are directly linked to the thermal

quality of the envelope or envelope parts, condensed in the 'TEMPERATURE
RATIO!

Thermal modelling must create the tools, needed to calculate the temperature
ratio. This asks for a sound knowledpge of heat transfer by conduction - the
fabric part - and heat transfer by convection and radiatiom - the surface heat
transfer part,

The building envelope acts as a three-dimensional compesizion of walls,
connected to one another in such a way as to create rooms, the living space,
which must be maintained on thermal comfort conditions [l2}.

The envelope is crossed by heat flows, caused by the inside-outside
.temperature differences, by shortwave direct, indirect and reflected solar

radiation and by longwave earth, surrounding buildings and sky radiation.
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.A combined model for heat transfer throughout the entire envelope would be rtoo
complex to be solved easily. Therefore it is preferable first cto analyze
single envelope parts, then to combine to single rooms, and at last to extend
to the whole building.

.The equations of the model are slightly different for a single wall system or

.for a 'roomt+ walls’-combination..

In both cases however, the fundamental law applied 1is that of energy

.conservation, called the first law of thermodynamics. In the case of

.conduction in solids, it sounds:

aT
pc, — = -div g (3.1)

@ Coac
This eguation must be combined with the Fourier law of conduction of heat
(3.2), with Newtons law for convection between the internal air and the wall
.and the wall and the external air (3.3) and with the Stefan-Boltzmann law for

heat exchange by radiation berween the wall and the surrounding surfaces

 TEROE

@ q=-4.VT (3.2)

. Jqe = hc-(Ts'Tnir) (3.3)
a4

. qr = £.(Ty ~Tyz) (3.4)

T temperature in K

A ! thermal conductivity in W/(m.K}

pc : the volumic heat cagacity in J/(m3.K)

he : convective surface film coefficient in W/{m2 K)

f : a suitable function of the radiative exchange encompassing the
effects of geometry, the emissivity of the surfaces and the

Stefan-Boltzmann constant
. q : the 'density of heat flow'-vecvor in the solid,
de, 9r : the density of heat flow exchanged by convection and radiation
. at the surfaces .
.3.0.1 Single envelope parts

.For envelope parts, not exchanging mass with the environment and having

.constant material properties, the model equation becomes:

a2s a2 az8 pc 86
. e o — e m — —am (3.5)
dx2 gy @gz2 X 4t
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with as boundary conditions: both ceonvection with the air in contact with the

wall, and radiation with other surfaces having a different surface
temperature;
aT PR
A= = e (TerTae) + B (T, - Toy)) (3.6)
n 1

with n: normal to the surface.

Equation (3.6) applies for the internal and external surfaces.
Introducing as constraint in the envelope part, on each surface between
different materials k and 1:

Ak'[gg]k - AIO[SEJL (3.7)

the temperature field at any time in the envelope part is found by solving

equation (3.5) in combination with the boundary conditions (3.6).

3.0.2 Single room

If the energy balance concerns a 7rtoom with its envelope, the energy
canservation equation for the room air must be added to 3.m equations (3.5) -
(3.7), m being the number of envelope parts:
df,

Z B + T (L paCa . Pay-baj) = Paca.Va.m— (3.8)

i 4 at
where each ¢, is the heat flow by convection with.the i-th wall.
Va and @,; , respectively, are the internal air volume of the room and the
outgoing (+) or incoming (-) air flow rate via the j-th opening at temperature

gnj'

The combined solution of the equations (3.5) (3.6) (3.7) (3.8), even for a
simple geometry, 1is complex. Therefore, in most cases, a one-dimensional,
steady-state temperature field is assumed in all envelope parts, and the

effect of radiation in (3.6) is linearized.

Those simplifications were and are commonly made to calcutate heatr losses

through walls and, by adding, of rooms in wintertime.
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figure 3.1: Thermal bridges:a) corner between walls; b) pillar inside a
wall; c) sheet meral frame assembling prefabricated panels; d}
roof wall junction; e) window wall juncrion; f) concrete slab
penetracing outer wall.
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For years, this way of working was considered satisfactory until, by the
increase in thermal insulaction, the effects of so-called "thermal bridges”
became too evident.

The word "Thermal bridge" is used to define each part of the building envelope
where, during wintertime, there is a local increase of heat flow density and a
decrease of internal surface temperatures.

Thermal bridges appear in places where the envelope changes its geometry or
composition or both [#4]: the assumption of a one-dimensional field is no
longer valid and solutions must be found for the more complex 2-dimensjional

(2D) or 3-dimensional (3D) conduction.

In figure 3.1 some common thermal bridges are shown: the corner between two
identical external walls is an example of a geometrical change; a column
inside the wall is an example of a composition change. Small discontinuities
in the wall structure, such as gaps in the insulation layer due to bad
workmanship, or sheer meral frames to assemble prefabricated panels, give
composition wvariations. Examples of combined geometrical and composition
changes are: windows parapets, balconies and cantilevered floor slabs.

Many thermal bridges modify the one-dimensional field intoc a two-dimensional
one: the heat flux has components along twe ortogonal axis. This is the case
when the geometry and composition of the cross section along the third axis
doesn’t change. We call them 2D thermal bridges.

Others give heat flux components along the three axes. This is the case e.g.

in corners between two walls and a ceiling. We call them 3D cthermal bridges.

Due to rheir impact on the total heat losses, and the possible presenc; of
inside surface temperatures low enough to cause mould growth and condensation,
thermal bridges are no longer negligible.

Therefore it is important to know more precisely the heat fluxes in, and the
surface temperatures on thermal bridges, and to have an evaluation toel in the
design stage, giving the possibility te check the envelope solution on beth
(energy and mould risk) and to compare improvements.

The modification in temperature and heat flow in the presence of a thermal
bridge, is not only caused by 2D or 3D conduction, but also by the convective
and radiative surface film coefficients h, and h., being variable all over the

surface.
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In fact the convective surface film coefficient is bound to the air flow
pattern against the wall, itself depending on the temperature difference
between wall and air and on the surface geometry: e.g. the flow pattern will
differ from the middle of a flat wall to the edge and corners.

As for the radiative surface film ccefficient, it is variable, largely because
of changes in the geometry factor.

So, it is necessary to redress the calculation of rhe three types of heat
transfer in order to come to a sufficiently approximate evaluation of thermal

bridges.

3.1 CONDUCTICN

31l Theoretical background

3.1.1.1 Conduction law

Heat transfer occurs from higher to lower temperatures. It fellows Fourier’s
law, given by equation 3.2 for homageneous and isotropic materials. Equation
(3.5) is obtained by applying the energy conservation law to a small volume

dx.dy.dz of the material and combining it with (3.2).

The hypothesis of homogeneous and isotropic material anyway simplifies the
preblem: the porosity of the macverial allows air infiltration, moisture
adsorption, capillar condensation, moisture uptake...

This geing on, the material is no longer homogeneous and isotropic and the
presence of heatr sinks and sources and enthalpee flow should be taken into

account.

The hypothesis nevertheless remain rather correct if equivalent properties are
used (the ’‘equivalent’ thermal conducrivity for example}.
3.1.1.2 One-dimensional heat flow (steady-state)

For a flat homogeneous wall or a wall composed of several layers of
homogeneous and isotropic materials, the heat flux in zones sufficiently far

from the edges can be considered 1D, normal to the wall,
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In steady-state conditions, with x as axis along the thickness, equation (3.5)
becomes for each layer:

az4

— =0 (3.9}

ax?
Sclved, it generates a linear temperature course in the layer. Integration
constants follow from the boundary and contact conditions (3.6 and 3.7), the
first one simplified to an overall surface film coefficient h;, combining both
convective and radiative heat exchange, multiplied with the difference between

surface and reference temperature.

Once the thermal field known, the inside surface temperature and the heat flow

rate follow from:

Bsi - ai' (81"5'9) (310)
i
T = U A (8;5-9,) {3.11)
where:
1
U = 1 p 3y (3.12)
—
hy  d=1 )y h,
with:
d; and X, = thickness and thermal conductivity in the j-th layer

#; and 4, =~ inside and outside reference temperature

In many countries, U values for walls, calculated with (¢(3.12), are given,
assuming standard values for h; and h,: e.g. 8 and 23 W/(m?K), for an outside
vertical wall [32].

The inside reference temperature should be éefined properly. Some countries
take the central air temperature, others the central dry resulting temperature
or effective temperature,

As the inside surface temperature and, consequential, the RH and condensation
risks are closely dependent on the local surface film coefficient, a correct

choice is of great importance, as will be discussed in part 3.2.
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3.1.1.3 Two-dimensional heat flow (steady-state)

In the zones of the wall near the edges but sufficiently far from the corners,
the steady-state thermal flux has components in 2 directions. The temperature

field in each homogeneous layer is defined by the 2D-Laplace equation:
426 424
s — = (3.13)
dx2z  Jgy? ‘
which can only be solved in an analytical way for simple geomerries and simple
boundary conditions [33].
Anyway, the precision with which the material properties are known makes an
exact seclution impossible. Therefore, approximate solving methods, analogue
and numerical, may be used. Thanks to the computer, the numerical methods now

prevail.

For quick and easy calculations of 2D rthermal bridges, also simplified
procedures have been developed, giving the heat flux, by wusing printout
parameters and simple algorithms and, in some cases, the lowest inside surface
temperature. Such methods, calibrated with the aforesaid numerical methods,
cover only part of the thermal bridges typology, and allow only a few
verifications of improvements.

This can also be said of the thermal bridge catalcgues: they are undoubtedly

useful but always incomplete.

3.1.1.4 Three-dimensional heat flow (steady-state)

In the corners and other peculiar places of the envelope, the heat flow gets
components along the three axes. The temperature field in each homogeneous
layer is then defined by the 3D-Laplace equation:
a24  azf§ g
—_—t —t —— =0 (3.14)
ax?  dye  Jz?
whose solution can be found by using the numerical methods menticned in

3.1.2.2.
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3.1.1.5 Non-steady-state flow

In non-steady-state, the partial time differentiation of the temperature
appears in the equations. A solution can be found by using the same numerical
methods, giving the temperature field at each time step.

Besides, it must be mentioned that among non-steady-state phenomena, by using
the Fourier or Laplace transforms of (3.5) and (3.7), sinusocidal and/or

periodic phenomena can be processed as stationary ones.

3.1.2 GCalculation methods

3.1.2.1 Analytical seolutions

Analytical solutions of 2D and 3D heat conduction with boundary conditions of
the type needed in thermal bridge <czalculations {The Neumann boundary

condition) are not mentioned in literature [33].

3.1.2.2 Numerical methods

Two numerical methods are used

- the finite element method (FEM)

« the energy balance technique or control-velume method (CVM}[40].

The finite difference method (FDM), although often used to solve thermal
problems, is not advisable in cases where materials with great differences in
thermal conductivity are present (as in thermal bridges).

In FEM, mathematical theorems apply to convert the solution of the
differential equation with 1its boundary conditions inte the solution of a
system of linear equations with a limited number of unknown field wvariables.
These are normally the temperatures in the nodes, generated by an appropriate
domain subdivision in elements. Using Fouriers law, the heat flux is chen
determined,

The CVM uses the same physical laws, who generated the differential equatiom,
on finite subdivisions of the object. This procedure leads to a system of
linear equatiens in the temperatures in characteristic subdivision points.
Some basic rules are forwarded to assure the consistency of the solution of
this system with the physical reality: overall balance must be matched and
even in the case of cearse grid, the solution must have a physically realistic

behaviour. Further steps are identical as in the FE method.
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. Following rules concern both methods:

- a limivted number of assumpticons has to be made. Differences in cthese

cause multiple variations in results;

- the boundary conditions have teo be implemented. Differences in their
mathematical treatment cause differences in the methods application and
in results;

- different rules are applied to create the subdivisions (e.g. in regard of
the material limits positions), resulting again in differences in method

application and results.

In order to give an understanding of the basic concepts of the two methods, an

exanple is given of a bi-dimensional problem, using both.

Finite elements method
The physical preblem to be solved, is the steady-state bi-dimensional

conduction in a R domain of a homogeneous material, where dl is a boundary

element. Therefore, one nust find the solution of the equation:

aze azg
—_—+t —=90 {3.15)
dx2 dy2
with boundary conditions:
@ a0 a8
X [——].nx + [y + B (Oabier) = 0 (3.16)
dx ay

where n, and ny, are the direction cosines between the perpendicular on the

. boundary line C and the Cartesian axis.

.These equations are the same as (3.5) and (3.6), assuming stationary
conditions and linearizing the effect of radiation. Solving equation (3.13)
.with its boundary conditions is done by an integral methed [9] [31]. The

variatienal principle states that by finding 4, for which the functional J(§),

given by:
dgq2 dgq2
J(8) = ”(L[-—] + AL [—]).dx.dy + §(h.(a‘-e,,f)_d1)- 0 (3.17)
X dy
R ¢
reaches a minimum: 31J(8)] =0 (3.18)

is equivalent to finding the solution of the equation (3.15) together with

{3.16).

CapTER 3 : MODELLING: THERMAL ASEECTS PAGE 3.10



IEA Arnex x1v "CONDENSATICN AND ENERGY" SoURcE BOOK.

’ ®

S x * @

Figure 3.2 R domain with a boundary element dl 9o
Figure 1.3 Example of subregion R, for thermal field solucion

using the FEM. .

The finite element method divides the R region in many subregions R, called g
"finite elements” (for instance small triangles) (fig 3.3) and assumes that in
each element the temperature is a known function of the space coordinates. If.
linear:

# = ayt azx + azy (3.19) .

Writing cthis equation for the three nodes (i,j,m) of the triangle, § can,.
after some elaberations, be related to the modes temperatures: .

§ =N, 8, + N, 8; + Ny 6, (3.20)

space coordinates and their value varies between 0 and 1 (1 in the node to.

with the N coefficients called "shape functions”. They only depend on the

which they refer and 0 in all other nedes).
The full representation of 4 in R is obtained by putting together the partial ‘

representations, following (3.11). Fig.3.4 shows that concept in a graphical

way. In order to find the temperature field, equation (3.20) is introduced in

(3.18) giving following equations for the e-element: .
Jo = J(0;,8y,8,) (3.21) .

371, 8J, aJ,
d(Jgl = — 84, + a8y + 88y : (3.22) .

a4, a8 ; as,
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.Figure 3.4 Graphical representation of the thermal field solurion

using the FEM

.(so many as the nodes are):

So, the problem is reduced to finding the solution of N equations of the form

aJ adg
— =3
88 ° 36,

i=1....N (3.23)

.By making these equations explicit, it is shown that getting 4(J(#)] = O means

The temperature in any other peint is obtained with (3.20). The heat flow

solving a system of linear equaticns in so many temperatures as there are

nedes.

.through the boundary contour follows from:
® - ‘f h. (0, 85pr) .d1 ' (3.26)
@ i

.with the finite element method, the temperature field is more correctly known

where #, is the mean temperature on dl.

if the finite elements are smaller. Smaller elements are necessary 1n zones

.with higher gradients.
The method can also be used to solve 3D problems and to study non-steady-state

conditions,
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Remarks:

Mo restrictions exist concerning the shape of the finite elements (normally
triangular or rectangular). Their dimensions can be changed in the different
zones giving the pessibilivy to locare element boundaries on the surfaces of
separation, Similarly, discontinuities in the boundary conditions can be
handled conveniently te avoid discontinuities within a Doundary element.

This simplifies the calculation algorithms when composite parts with space-

variable boundary condirions are studied, such as thermal bridges.

Control -volume method

To solve a bi-dimensional thermal field with the perimeter on steady-state
boundary conditions, one divides the field into a grid of square or
rectangular meshes with their sides parallel to 2 Cartesian coordinate axis
[35],[20],[40]).

The mesh determines N nodes, each of the nodes being representative for a
square or a rectangle having Ax and Ay as sides, with the node in the centre.
For a node with i1 and j as indexes (the first referred to the column and the
second to the line of the node), the thermal balance tells that the sum of

heat flows to the node equals zero in steady-state conditions:

Ay Ay
)\.zx—.(f?i_l‘j-ﬂioj) + )"K'(Biﬂ.j"ei.j)
Ax Ax
+ }"‘_'(si,j-l'ai,j) + A.—.(ﬂi'jﬂ—&'ilj) =0 (3.25)
Ay Ay

When Ax = Ay , the equation is simplified to:

By-1,5 + Buer,5 + 8y 5.9 + 0i 401 - 48,3 =0 (3.26)

The implementation of boundary conditions is done in different ways to obtain
one equation, valid for the considered boundary node.

For example, for a node on a curved profile (node mo.2 in figure 6), one gets:

b b a+l h.é
LBy + .03+~—b—.ﬂij +——.(.]cz+1+ az+b2). 4,
' A

Ja2+h2 c2+1

b b a+l h.é
- — + = + — . (Je+l + [aZ+b2)].6, = O (3.27)

Ja2+b2 Je2+l b *
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Figure 3.5 Subdivision of a bi-dimensional fieid
in a grid formed by rectangular meshes.

Figure 3.6 Node on the contour with convection

and radiation boundary conditions.

Also here the problem is reduced to seolving a system ¢f N linear equations in

N temperatures,

Remarks:
With the CVM- approach, different dimensions of the control wvolume in the

different layers are possible, giving the same advantages as the finite

element method.

Requirements for both numerical methods
A rich bibliography exists about the errors resulting from the discretization

process [3G] [34] [36] {40].

It is important to point out that a converging solution can be achieved by a
numerical method only if for an increasing number of subdivisions the solutionm
converges to the exact one. The convergence could be proved by a "convergence
table", showing the temperatures in the characteristic points of a "standard

problem" as funcrion of the number of nodes.

In Appendix A a table of available PC Programmes is given with their main

characteristics.
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Requirements for the use of numerical methods
Once a numerical method is adopted, a correct solution is achieved (e.g. the

temperature distribution is calculated) if:

the oblem js "well ed”
Dse
1 t
l’ -_—
: \\\\\ | de (Xe)
| HER) I.
- [di (X))
! j/]// II
k ) o
1
bgi
Figure 3.7 Width of the zone of influence on each side of a thermal bridge:

by is different for the inner and the oucter leaf

i.e. the exact boundary conditions are defined. This means that the correct
values of h; and h, along the internal and external surfaces must be given and
that no heat flux may cross the other sides of the thermal bridge calculation
field (adiabatic conditions). To be sure that the lastr condition is achieved,
it is necessary to take a suitable dimension of the geometrical model of the

thermal bridge under examination; a 2D thermal bridge must have for instance a
width by :

Mody [ag.d '
by = max[ 2, [—0 2. |2= } (3.28)
hi he

as demonstrated in [8]; the meaning of the symbols are explained in fig.3.7;

a in d c

The error is defined as:

e; = (8, - 8] (3.29)

where 4, is the approximate temperature at nodal point i
#; is the exact temperature.
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.For FEM, Cali [26] uses a formula given by Babuska and others [36], allowing
an upward evaluation of the error, expressed in %. For the thermal bridge of
figure 3.8 for example, the relative error is given as a function of the

.number of nodes. So a criterion is defined to ensure a maximum error less than

x %.

More empirically, Standaert suggests [19] for CVM rhat the largest difference
.between two temperatures, obtained with the same numerical method respectively
.with n and 2n equations, in the same characteristic points, should be less

than x* of X, X being the largest temperature difference in the cthermal

'bridge. He proposes a value of x = 0,5% of X.

.It is good to remember that the limited accuracy in actual values of many
.parameters {such as the thermal conductivity and the surface film

coefficients) makes it senseless to maintain the error within very narrow
.limits, because a long and heavy work in solving very large systems of

equations doesn’t result in better accuracy.

® i
® )
L e
@ . b
@
o
® ;
hf. & 3
o :
® A ' _
0 200 400 800 800 1000
. number of nodes
.figure 3.8 Corner configurarion and X of error in the evaluation of the
temperature in the nodes versus the number of nodes.
CuaPTER 3 : MODELLING: THERMAL ASPECTS PAGE 3.16



IEA Awnex x1v "CONDENSATION AND ENERGY™ Sowrce BooK .

3.1.2.,3 Simplified methods

General considerations

#11 simplified methods provide correction factors for the additional heat loss
through a cthermal bridge. Only few of them make it possible to calculare
inside surface temperatures, giving the possibility te judge the condensation
and mould growth risks. These are treated here.

The minimum inside surface temperature at a thermal bridge is generally given

as a dimensionless parameter: the " temperature-ratio or -factor ":

Thy = (3.30).

represencing the temperature difference between the inside surface and the
external air for a unit temperature difference between in- and outside and a

specific value of the inside surface heat coefficient.

The additional heat loss through a 2D thermal bridge per unit length and for
1°¢ of temperature difference is rtepresented by U, [W/{mK}]., the linear
thermal transmittance. The additional heat loss through a 3D thermal bridge
for 1°C of the inside - outside temperature difference is given by U,

{W/{mK}): the punctual thermal transmittance.

r, Uy or U, are found, or by shaping a simplified wmodel of the thermal bridge
and solving the relevant equations, or by some formulae, calibrated with a FEM

or CVM approach and valid for a specific class of thermal bridges.

Simplified modelling

In 1983 the Swedish Standards Association published a working draft [2] giving
a method for the calculation of the thermal transmictance of metal
canstructions having thermal bridges. This method was generalised in 1986 by
Staelens [8], while working at the Lund Institute of Technelogy, and includes:
- thermal bridges in heavy constructions

- corners and thermal bridges in corners

- steel constructions

It may be defined as a semi-analytical merhod, based on the electrical

analogy.
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®f

1.0C

“x

Figure 3.9 HMain filow paths for a corner construction

Following physical considerations the heat flow through a zone including the

thermal bridge is divided into flow paths (transversal and lateral paths) (fig
. 3.9).
The thermal resistance for each flow path 1is analytically derived. These
. resistances are combined into a network. By calculating the network resistance
the thermal resistance of the construction and the heat flow through the zone
is obtained. A manual is included, containing general networks and the
formulae necessary to calculate thermal resistances of flow paths. The
calculation also gives the temperatures in the network nodes. These in fact
.are not the real temperatures at that point, but a mean temperature oOver an
area. In some simple cases the minimum inside - surface Ctemperature 1is

approximated.

The results of the method were compared with numerical calculations. The
.relative difference in U-value was smaller cthan 10%Z. The degree of
approximation for the temperatures is not mentioned. The method may give an
insight in the location of the weak points in thermal resistance in a
structure, but, it requires a good knowledge of physics to design a good

equivalent cireuit,
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Other metheds:

1) IS0 DP.69%46/2.1 .
An IS0 group published in 1983 [3] a draft proposal with simplified
calculation methods for beam-shaped thermal bridges in flat structures to
decermine:

- the lowest surface temperature on the thermal bridge;

- the thermal transmittance of a structure containing the thermal bridge.

The lowest internal surface temperature fy, is calculated with:

Pep = fa + 1. (8,-8) (3.3

Thi 1s expressed as a simple function of the thermal transmittance of the
plain wall and the thermal transmittance at the location of the thermal

bridge:

1
"The =1 - ';:‘-(Uo + 9 (Up-Uy)) (3.32)
where: :

U, = thermal transmitrance in locations other than thermal bridges
Uiy = thermal transmittance at the location of the thermal bridge
n is a characteristic of the thermal bridge.

In a similar way, the areal thermal transmittance of a structure including a
thermal bridge is given by adding to the mean thermal transmittance a term
including a factor x characteristic of the thermal bridge.

The approximate formulae to calculate n and x for six basic types of beanm-
shaped thermal bridges are tabeled as a function of the geometry and the
thermal conductivity of the different materials. Specific assumprions are made
for che surface film resiscances 1/h; and 1/h,. These two values can be
changed only slightly,

The formulae were calibrated by several computer runs of a numerical model.
They give the thermal transmittance with an estimated accuracy of 5%Z. The
minimum temperature is obtained within 10%.

From the U value, a linear thermal transmittance U; can be derived (depending

of the assumptions!):

(A-Aw) .Uy + Up.L AU, + U, L
U= or U =
A A

(3.33)
where:
A is the surface area of the wall in m?

Ay 1s the surface area of the thermal bridge in m2
L is vhe length of the 2D thermal bridge in m

CHAPTER 3 : MODELLING: THERMAL ASPEcTsS : PAGE 3.19




. IEA AWNEX x1v "CONDENSATION AND ENERGY" Source Book

1-|

. 0 0,5 1 1,5 2 2,5 3

square root of (d/lambda})
. Figure 3.10 Non-dimensional surface temperature in monolithic corners versus
different thermal exchange parameters.

2) Giergia [25]

. While working at the Fraunhofer Institut EGr Bauphysik, Giergia studied
symmetric corners in single and multilayer walls.
In his report a curve (l-rg s) versus d/x is given for single walls?

rs 5= 0.91 - 0.89. exp(-1.59 d/A) (3.34)

. As all the calculations where done with h; = 6.5 [W/(m?K)],
a corrvection factor is provided for other hy:

r(h;) = C(hyy.rg 5 + [1-C(h;)] (3.39)
where: ]
G(hy) = 1.368 - 0.057 hy (3.36)
. 6.5 was also obtained for multilayer insulated walls:
g5 = 0.97 - exp(-1.55 ¢.R) (3.37)

) ¢ = 0.87 for outside insulation
. ¢ = 1.00 for cavity filling
¢ = 1.25 for inside insulation
R is the thermal resistance of the wall (0.5 = R = 4 m2K/W)

Further, easy-to-use formulae are given to calculate U; for corners.

. Temperature evaluation is within #0.01°C and U; within *0.05 W/(mK).
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3.1.2.4 Thermal bridges catalopucs

To help designers, some countries produced catalogues {[14],{41),[42],[44] of
common thermal bridge constructions. These catalogues contain drawings and
descriptions of building details, surface temperatures profiles or 7, values
for the critical points and heat loss data. The data are obtained from
numerical calculations, assuming standard thermal conductivities and constant
surface film coefficients, the wvalue being different from catalogue to
catalogue.

In theory, a thermal bridge catalogue provides a rapid, easy (no‘computing is
required) method of assessing a particular case and sometimes gives
informations on improvements. However, in practice, the catalogues rarely give

the specific thermal bridge, a designer is aiming to judge.

1.1.3 Experimental investigations

Experimental investigations on thermal bridges are done following two
different metchods:
- Hot-box/ccld box measurements;

- Analogue models.

3.1.3.1 Investigations using the hot box / cold box apparatus.

This system uses two boxes, one on outside and the.other on inside climate.
The tested configuration geparates the two <climates. For the surface
temperature measurement, thermocouples or thermeoresistors are located along
the thermal bridge cross - section contour { see e.g. fig. 3.11)

To measure the hear flow [37,38), a third, smaller box is inserted in the hot
box , facing the central part of the tested configuration; the heat released
in this third box is measured, the zone between the hot box and the smaller
box being the guarding enviromment, on the same temperature as the measuring
box. This configuration is called the guarded hot box. An alternative, easier

to use for thermal bridge research, is the calibrated hot box.

The measurement of the heat flow through the wall without and with the thermal

bridge, allews to calculate the Uy- or Up- value.
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tigure 3.11 Horizontal cross section of a wall - window junction. The dots

indicate the thermocouple posicion [17].

3.1.3.1 Experiments using analogue models.

Analogue models are based on the fact that electric or mass transport obey
identical laws as the Fourier equation. So¢ an analogue model of the thermal
problem can be built. Let us think of the electric analogy.

Chm's law states that:

dl = -4,.(VV.n).ds (3.38)
where:

P electric conductivicy of the material

vV = electric potential

dI= charge flow through an element with surface 4§

n = the normal to the surface dS§

Ohm's law is formally equal to {3.9). The V- field satisfies the equation:

azv azv azv c, 38v

—_— (3.39)

where C, is the volumic electric capacity of the material. The analogy links

tension to temperature, charge flow to heat flow , the electric resistance to
the thermal resistance and volumic electrical capacity to the volumic heat

capacity.
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Echera/
Tana
1955” ° T/
Erhorn
L % x W
1988
Hetnél ’
:6;'} x T/W T/w T/W T/W T/W T/W [ T/W T/W
Johann-
. .
1958 “T/W
faaper
e.a, X T/W
1984
4
lg::d Q T/W
Kupke
1980 x T/N T/W T/W
Hatnka/
Paachen | x| T/WIT/W O T/W | T/M T/M | T/W O[T/ | T/w
RECLES W y .
Franks, 2} W W
95 W L
Scae- u
1 [
198 W W .
Stan~
e 1T L T T T/W T/ T T | T
LEHS :
gens ) T/W T/W T/W T/W T/W T/W.
x thermal bridges catalogue o semplified method * numerical method
T temperatures ¥ heat €lows
Table 3.1 Field literature - Details concerning different thermal bridges
examined by che authors according to the results calculation and
representation.
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In practice, & model, geometrically similar to the thermal bridge under
examination is built by using layers with known electric conductivities or
lumped electric resistances. By measuring the current, it is possible to
evaluate the heat flow, while temperature differences are proporticnmal te the

voltage differences.

3.1.4 Applications

3.1.4.1 Intreoduction

By using one of the above methods, different types of thermal bridges have
been studied, searching general correlations for at least a class of them.
Table 3.1 [25] gives a list of researchers, the types of thermal bridges
examined, the evaluation method used and the results obtained, updated until
1988. Since, many others contributed [22-29].

Some interesting results are discussed below, first leoking to the sensitivity

and then showing the kind of infermaticn one gets.

3.1.4.2 Sensitivity

In many papers the sensitivity of the calculated temperature ratio to
uncertainties in parameters like the inside surface film coefficient, the
thermal conductivity of the materials or to the choice of numerical method and
grid spacing are reported. Typical limits of accuracy are summarised in

following table [43].

VARTABLE UNCERTAINTY ON =
Solution method < 0.01

Grid spacing < 0.01
Thermal conductivity (+ 0.1 W/(m K)) < 0.05
Outside surface film coefficient (16.7 to 33.3 W/(m2K)) < 0.01
Inside surface film coefficients (4 to 8 W/(m2K)) < 0.1
Variation in local surface film coefficients (4 to 8 W/(m2K)) < 0.05
Solar radiation (0 to 50 ¥/m2) < 0,05
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The inside surface film coefficient is the most important parameter, followed
by the thermal conductivities and the incident solar radiation. So, the in
situ values of r may show differences of as much as 0.13 compared to the
modelled ones. This means that, with an inside-cutside temperature difference
of 20°C, cthe inside -surface temperature can only be approximated within
42 .6°C, a great uncertainty to assess mould and condensation risks. For that
reason, and in order to avoid misunderstandings, h; must be added as subscript

ta r, every time a value is given.

3.1.4.3 Two-dimensional thermal bridges in steady-state conditions

Fin-type thermal bridges

A theoretical analysis by P. Cooper [23] states that balconies and other
cantilevered parts in the envelope, considered as severe thermal bridges, in
many cases do mnot increase the heat flow nor make the inside surface
temperature decrease, compared to the absence of the cantilevered part. The
author employs, in his analysis, an analytical solution for the one-
dimensional heat flow through a thin fin., He underlines the fact that the fin
behaves according to the outer surface coefficient: the ratio between the
thermal permeance of the fin root area with (Py) and without fin (P.)
increases when the outside surface film coefficient decreases.

In most cases Py/P, < 1 (see fig. 3.12}.
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Figure 3.12 Ratio of rhermal permeance of a fin to that of a flat surface.
Fin dimensions: height b = 0.2 m, width a = 10.0 m, length I =
0.5 m.
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.He also developed a one-dimensional model to predict the lowest inside surface
temperature on a fin-type thermal bridge.
IPL situations similar te fig.3.13, he assumed a one-dimensional two-fins
model, both fins extending perpendicularly to the building envelope, the one

as inside floor slab, the other as balcony (see fig.3.14}.

The difference between the temperature factors of the plain wall ry, ., and the
thermal bridge ry; & can be estimated as:

® A i
Thi,w =~ Thieb = - - (3.40)
Rep + Ry + Rpp b7l (d/A) + he'd
.where:

d = wall rhickness in m
. A; = equivalent thermal conductivity of the wall.

The formula overestimates the thermal bridging effect, Nevertheless, it is a
relatively accurate estimation, with an inherent safety margin regarding mould

.and condensation. The uncertainty in r-evaluation is < (.03,

.Predicted= T -valuos --for several walls with. and. without a.balcony fin are_

compared in [43]). The balcony slightly increases rp; except for a wall with
.inside insulation. Interesting is that with outside insulation and the fin not
insulated, the ry,; value increases, [43,18). This suggests a retrofitting pos-

.sibility with external cladding, leaving the balconies uninsulated (fig 3.13).

A
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@ ;’_ INSIOE % I | ourstoe NI i /Wﬁl’?—m T
° | cavity \\\ ) ton | ri, Tie o~ To .io
N { =813 W/ m2K)
® i \Qé _ | INSIOE OUTSIDE
P — i

A . i L To

) 5sms e AW———AMM
boundary of “ '///1

FE anclysis N ¥ 4
_ N
Figure 3.13 Concrere slab, bridging a cavity wall.

Figure 3.14 Fin model of extended cthermal bridge: fin arrangement and
temperature/thermal resistance circuit. Ar is the floor

conductivity.
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figure 3.15 Vertical seccion of a concrete slab, penetracing the oucer
wall.(a) Geometry, thermal conductivities and  boundary
conditions; iscothermals and streamlines with (b) no insulation,
(¢) inner insulation, and (c¢) outer insulation.

Thermal bridges in cavity walls

Standaert [18] studied & number of traditional thermal bridges in cavity
walls. He cancluded that, if possible, they must be avoided by making the
cavity insulation continuous, with correct thermal cuts. Although the energy
savings are lower than predicted one-dimensionally without thermal bridges,
cavity insulation remains efficient to thermally improve existing buildings,

if at least the inside relative humidity is not too high.
The same considerations are found in [42] with the warning not to add

insulation along partition walls (floors, internal walls} when the envelope is

cavity filled: ry; decreases.
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.Io show how these and other conclusions can be drawn froem an numerical
analysis, a thermal bridge of the case-study "Alexanderpolder Building" was
examined with a FEM programme: it. concerns the junction between the floor and

.an external wall. The results are shown in fig. 3.16 (outside temperature:

!
i
1 0°C, inside temperature: 20°C). The temperature difference between isotherms

i.is 2°c.

.Conclusions :

,.1. The junction gives the lowest inside surface temperature on the underside

i
of the floor;

.2. Inside insulation gives a minimum surface temperature lower than a non
insulated wall;

.3. A higher inside surface temperature and a lower heat flow not always

. coincide: an inside insulation is to prefer if a heat flow reduction is
the main aim, cavity insulation is better if higher surface temperatures

. are wished;

4, The best solution for both is, as Standaert states, outside insulation.

In an other paper [17}] Standaert discusses the improvement of window reveals
in cavity walls. He underlines the importance of a thermal cut between the
.inner and outer leaf along the reveal. Analogous results are obtained with a
FEM programme studying 7 solutions (fig. 3.17) for the horizontal cross-

section of the window-cavity wall junction in the case-study "IACP Torino":

.3.1? b) external leaf, 4 cm cavity insulation, single glazing

3.17 a) external leaf, no cavity insulation, single glazing

17 ¢) exrernal leaf, 4 cm continuous cavity insulation, single glazing

3.
.3.17 d) internal leaf, no cavity ingsulation, single glazing

. 3.17 g) external leaf, 4 cm continuous cavity insulation, double glazing

3.17 e) internal leaf, 4 cm cavity insulation, single glazing

3.17 £) internal leaf, 4 cm cavity and reveal insulation single glazing

. Conclusions:
'

. point of view it is the worst solution. Condensation risks are not real.

Without any other improvement, loocking to the temperature factor, the

window-internal leaf junction is the best solution. From the heat loss
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2. If the window is connected o the lnside leab, cavity insulation, also
covering the reveal, doesn't increase the lowest inside surface

temperature, compared to cavity insularion, not covering the reveal. On
the other hand, the decrease in thermal flow through the reveal by cavity
insulation without reveal covering, 1s minimal. In any case a thermal
bridge effect cannot be avoided.

3. With cavity insulation, connecting the window to the outside leaf is cthe
best: it can give up to 5 C increase in inside surface temperature.

4. It is clear that a thermal cut between inner and outer leaf along the
reveal is a conclusive improvement. The best solution is g) where the

insulation layer is continuocus and double glazing is used.

Thermal bridges in massive walls.

Massive brick walls wirh a rthickness of 20-30 cm (European buildings
constructed before 1940) didn't show imporrtant thermal bridging because of the
general lack of thermal resistance. Insulating them can be done at the inside
or at the outside. This introduces thermal bridges at the discontinuities in
the thermal insulation. An example was already shown in fig. 3.15a [18): a
vertical section through a balcony. The isotherms and heat flow lines were
determined for three cases: no insulation {(fig. 3.15b), inner insulation (fig.

3.15¢}, outer insulation (fig. 3.15d). The calculated thermal bridge
characteristics are:

- no insulation U = 0.3 W/(m.K) rg = 0.65
- inner insulation : U; = 0.8 W/(m.K) rg = Q.64
- outer insulation : U; = 0.8 W/(m.K) g = Q.78

Window reveals are one of the few thermal bridges that can get substantially

worse by insulating the wall, unless it is done at the outside. (fig. 3.18).

Thermal bridges in prefabricated buildings

A general study of thermal bridges in prefabricated buildings is, because of
the very great variety in geometry and materials, an impossible task. However,
important extra heat losses and low temperature factors may occur, if in
concrete or metallic parts, discontinuities in the thermal insulation exist.

Therefore, a thermal bridge analysis must be part of the development work.
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figure 3.17 Horizontal cross secticn of & window - cavity wall junetion.

e) incernal leaf, 4 cm cavity insulation, single glazing

f) internal leaf, 4 ecm cavity and reveal insulation single
glazing
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figure 3.17 Horizontal cross section of a windew - cavity wall junction.
g) external leaf, 4 cm continuous cavity insulation, double
glazing
hi = 0.72 Yy = 0.62
= 2
h.=8.3 W/m K
i
figure 3.18 Temperature contours at a window splay in a 38 cm brick
wall,plus l0 em insulation.
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. 1.1.4.4 Three-dimensional thermal bridges ( Steady-state)

Some examples of three-dimensional thermal bridge calculations are reported in
literature. The analysis of 3D details is more complex and much more Ctime
consuming than a 2D calculation, so approximate methods to calculate the 3D
temperature factor from the results of a 2D analysis may be useful [43,43]. In
[45], the basic idea is that when ry;20 < rp;1P, one may write:

1 1 1

b — (3.41)
1D rt

2D

Thni Thi

For a 3D thermal bridge where in fact 3 2D thermal bridges jein, three
contributions of the type 1/r‘ must be added to ry1?. Comparative calculations
have finall'y lead ro the following equation:

1 1 1 1 2

= + + - (3.43)
3D Thi ’xzn 2D Thi, 220 Ty 10

Thi Thi,y

where 7y; 52, 7y ,%0 and 7y; .20 are the 2D temperature factor of the 2D thermal
bridges along the %, y and z- axis (fig. 3.19). r,;¥® is the mean value of 1D

Thi- values of the three walls, shaping the 3D thermal bridge.
As approximate method, its application is restricted to 3D thermal bridges,

where the thermal resistance of the three walls and the ry; values of each 2D

thermal bridge obey certain conditions.

wall™1l wall

figure 3.19 Three-dimensional cocrner and reference axis.
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3.1.4.5 Influence of non-steady-state conditions

In [18]) and [22] solutions for the non-steady-state temperature field in
thermal bridges are given, showing that there isn’t a pronounced transient
effect on the heat losses. On the other hand, the results show that the
greater the heat capacity of the thermal bridge composing structural parts,

the more important are the inertia in inside surface temperature oscillactions.

3.1.5 Conclusions

Predicting rthe inside surface temperatures on the building envelope is of
primary importance to assess mould and condensation risks. This requires, even
in steady-state, the solution of the 2D or 3D conduction equation to get the
thermal field in some peculiar =zones of the envelope, called "thermal
bridges™. Sophisticated numerical methods are available. The time needed to
prepare the input for the computer programmes, still inspires researchers to
try simplified methods, able to give the surface temperature with good
accuracy at least for a class of thermal bridges. To help the designer, others

produced catalogues of thermal bridges.

Not all simplified methods give an insight in the physics involved. Owing to
that, they don’‘t help for advising possible improvements. Catalogues are not

always useful, when a designer wants to develop new ideas.

For these reasons numerical methods seem to be, at least for the 2D problens,
the best appreoach. Their utility in choosing good construction details was
proved with some examples. Nevertheless, the guantitative results, i.e. the
inside surface temperatures found, may be quite diverging from the in situ
values, even though the qualitarive importance of the instrument is out of
doubt. This is mainly due to the uncertainty in data input, especially the
inside surface film coefficient. The user of numerical methods must be aware
of the fact that the input of non realistic daca gives wrong results even
although the calculation method assures good accuracy. The standardised hy-
and hg- values, adopted to calculate heat losses, are not precise enough to
assure a correct surface cemperature evaluation. Especially h, must have its

real value at the thermal bridge.
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For 3D problems, solving them with numerical methods is heavy. A good guess

can be obtained from 2D results, combined with approximating formulas,

The solution of 2D and 3D problems in non-steady-state conditions learns that,
because of the thermal capacity of the structure, high relative humidities or
surface condensation may be present for a certain period of time, although it
doesn’t appear in steady-state. The significance and the importance of this
result cannot be fully understood withour knowledge of the response of mould

growth to dynamic conditions.

3.2 CONVECTIVE AND RADIATIVE HEAT TRANSFER

3.2.1 Introduction

The inside thermal surface film or surface heat transfer coefficient stromgly
influences mould growth and condensation in dwellings. It consists of a
convective and a radiative part. Radiation and convection being two different
thermal phenomena, they should be considered separately. In mest cases, the
theory of sﬁrface film coefficients has been restricted to flat, undisturbed
wall surfaces. There is only scarce literature on surface heat transfer
coefficients in corners or at walls behind furniture. This precisely concern

the investigations, conducted within the frame of IEA-Annex XIV.

The influence of the exterior surface film coefficient (h,) on the U- value of
" a wall is shown in figure 3.20., QObviously, the impact is small in cases of U-
values, used today in buildings. Therefore, the description of convective and

radiative heat transfer at exterior surfaces is not included,.

. 3.2.2 Radiative heat transfer

. If two surfaces at different temperatures face each other, a radiative heat

‘. the surface temperature and material. The maximum radiation at any temperature

transfer in the range 0.8 to 800 um takes place. The energy emitted depends on

is emitted by black surfaces. Planck’'s radiation law states that the radiation

. exitance distribution depends on temperature and wavelenght [46]:
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C,. A™S '
LA, Ty = —————— W/ ¢(m% . m)) (3.4%)
exp(Ca/AT)-1
with Ey: the spectral exitance (W/(mZ.m))
Cro o= G376 1O (W/w?)
Cp: =~ 1.439 1072 (K.m)
A @ wavelenght (m)
T : absolute temperature (K)

The toral amounc of energy per m or exitance E, (W/m2) emitted by a black

surface, related to its temperature, is found by integrating {3.43)

@

Gy A
Ep(T)m j - dy = . T4 (W/mz) (3.44)
A exp(Cp/AT)-1

with ¢ = 5.67 .10°8 W/(m?.K*) (= Stephan-Boltzmann constant)

The exitance E, is the radiation, emitted into a hemisphere. Radiation in a
specified direction is expressed by Lambert’s cosine law [3.453].

Ig = Iyn.cos g (W/(m? . rad}) (3.45)
with I, ,: radiation intensity in the normal direction (W/m?)

I, 3. radiation intensity in the direction A (W/m?)
. angle between the radiation direction and the normal direccion (-)

By integrating (3.45) over the hemisphere, the following equation is obtained
(3.45]:

Ep(T) = x.1p ., (W/m2) (3.46)

100
&0 :
50 -
L8

20

//45//,
/

10— hg = 12 Wim?K

7
: T 2

,/// L] Vi 225 Wrm?K
2 /

AI/ 1
a1 n2 04 060810 2 L& B 810
U-value [W/m?K]

Figure 3.20: Relationship between the exterior surface film coefficient h,
and the chermal transmiccance U of an external wall,
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.Surfaces in buildings differ from an idealised black body. The emissivity ¢ is
defined as the ratio of the exitance of the real surface to the exitance of
the black surface at a 'specified temperature. Hence, the exitance of a real

.(grey) surface is:
E(T) = ¢Bo(T) = eoT8 (4/m2) (3.47)

Strictly speaking, Lambert's cosine law only applies to black surfaces. For
.irregular building material surfaces the reflection is more complex. According
to Kirchhoff, the ratio of emissivity e to absorption a at a given temperature
is 1 for all bodies. a and e are a function of temperature [3,46]
. e =a = £(T) (3.48)
with e:emisgivity (-)
. a: absorptivity (-)
The heat transferred by radiation from a surface A; to a surface A, depends on
the size, orientation, rtemperature and emissivity of both surfaces. If two
.equal surfaces A are parallel and their area is large compared to their

distance, the radiation heat flow is given by the fellowing formula:

o Ao (To4-To%)
P12 = - (W) (3.49)
l/él + 1/62 -1
with ®,; : radiation heat flow (W}
A : surface (m?)
. €1,€;: emissivity of the surfaces 1 and 2

Ty,Ts: temperature of the surfaces 1l and 2 in K

.shape factors have to be known. They are defined as:

. 1 cos B;. cos By
Fjj = ~—. ——————. dA;. da; (3.50)

Ay LA AT

o .
with B; : angle between ry; and the normal direction of dA; (-}

By : angle between r;; and the normal direction of dA; (-)
. r;;: distance of the Centre points of dA; and da; respectively (m)

For the calculation of the radiation heat flow between arbitrary surfaces, the

.F‘ij represents the fraction of the radiation heat flow from surface A; being

intercepted by surface A; (fig 3.21)
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figure 3.21 Radiative heat transfer between cwo surface elements i and j

The fraction emitted by A; and intercepred by A; is expressed by the inverse

shape factor:

1 cos fB:. cos B
Fy = —. S8 B 020 B ga,. aa, (3.51)
AJ m. Iijz
i

A
Fer the shape factor relations to be true, the surfaces are assumed diffuse

and isothermal. By combining integrals (3.50) and (3.51), cthe reciprocity
relation is obtained:

Ap Fyy = Ay Fy, (m?) (3.52)

For the surfaces of an enclosed space, the summation rule applies:

Ery-1 (3.53)

This means that the total radiation emitted by surface i is intercepted by all
other surfaces.

To calculate the radiation heat transfer within a room with N surfaces, N2
shape factors are necessary. Not all have to be calculated directly however.
By using (3.52) and (3.53), only N(N-1)/2 facrtors remain to be computed by
solving the double integrals (3.50) or (3.51). Solutions for wvarious

geometries and surface orientations are found in literarure [49-53]).
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.Nith the shape factors, the radiation transferred between 2 black surfaces i

and j may be expressed as:

Qiz = A3 .Fiy.0. (T44-Ts) (W) (3.54)

.If the radiation transfer takes place between surface i and N others, the

.radiation absorbed or emitted by surface i is:

® :leswAl.Fij.a.(Ti“-Tj“) (W) (3.55)
.Equation (3.55) is as simple only for black surfaces. They however do not
exist. Multiple reflection makes the computation mere complicated,
With following assumptions:
the surface temperature is constant;
emissivity, absorption and reflection are independent of wavelength and
direction; .
all surfaces are diffuse emitters and reflectors;

EFij - l;
it is possible to calculate the density of heat flow rate at surface i due to

radiation to the other room enclosing surfaces with equation [54]:

N N 3
G = e Tt = a0 B (i T + o6 2 (Fiyo — q5) (W/a2) (3.56)
5= 2 5y

If we write the equation for all N walls of a room, a linear system with N
.unknovm densities of heat flow rate qi...qy results. The system may be solved

.either by matrix inversion or by iteration.

.Dropping the third term in (3.56), gives as approximation:

® Q= € .0.(Tay -_%1 Fiy Tyyt) (W,/m2) (3.57)
2

.In [55] however, it is stated that in certain cases (3.57) may give wrong

1ts
. resu .

.Radiation within a room becomes simple toe describe when transforming it in a
two surfaces system: an external wall, surface A,, emissivity e,, surface
temperature T,, and the remaining five surfaces {(ceiling, floor, interior

.walls), total surface A,;, identical emissivity ¢;, transposed to a

CoapTER 3 : MODELLING: TumERMAL ASPECTS PAGE 3 .44



TEA Anngx x1v "CONDENSATION AND ENERGY™" Source Book

planparallel surface at mean surface temperature Tg. The radiative heat

exchange between the external wall and the planparallel interior surface
follows from:

o. (T - Tg*)

Pui = (W) (3.58)
(l'cw)/(fu-Aw) + l/(Aﬂ-Fwi) + (L'(L)/(CL-Al)

Example

Consider a cubic space with:
A, = 10 m?, YA = 50 m?

G — .90, ) — U.u3
T, = 288K, Tg = 293K

The radiation flow from the incternal walls to the external one, is 246.9 W. By

definition, the radiative surface film coefficient now is given by:

Qui
h, =

S (W/(m2.K))  (3.59)
Ay. (85 - 0,)

h, becomes: 4.9 W/(mZ . K).
This value of the radiative surface film coefficient hp, is a mean for the

wall. In corners, where external wall and internal surfaces meet, h, is lower
{see 3.2.6).

3.2.3 Convective heat transfer

Heat cransfer between the air and a wall takes place by convection. The

density of hear flow rate is proportional to the cemperature difference
between the air and the surface:

9oz = he. (8 -85) {(W/me) (3.60)

with ECi : density of convective heat flow rate (W/m2)

o convective surface film goefficient (W/(m?.X))
6y : indoor air temperature ( C)
#5; : surface temperature ( G)

The convective surface film coefficient h. depends on the flow pattern of the

alr, the temperature of the wall and the temperature of the air.
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. distinction is made between forced and free convection. Free convection is
important when considering inside surfaces. It is caused by temperature
nduced differences in air density. If the air flow is exactly parallel to the
all surface, one has laminar flow. In the case of air, whirling against the
wall surface, one has turbulent air flow. Independent of the air flow, there

.:ernains always a laminar surface air layer against the wall. Tn this surface
layer, heat transfer takes place bLy conduction, perpendicular to the wall.

he.(8,-8,) = -x. (86/8n), {W/m?) (3.61)
ith A : thermal conductivity of the air near the wall (W/(m.K})
(80/8n), : temperature gradient of the air against the wall (K/m)

.:onvective heat transfer can be described by a system of differential

equations. [56-58]. Solving the system however, is only possible for some very

simple cases.

Nusselt's similarity theory allows to determine similarity criteria. As

.dimensionless parameters are found:

® he. 1
Nusselt number: Nu = (3.62)
A
® 5 g 1o
. Grasshof number: Gr = — ad (3.63)
v
v
. Prandtl number: Pr = — (3.64)
a
° v
Reynolds number: Re = (3.65)
v
.with 1 length (m)
‘ A : thermal conductivity of the air (W/(m?K))
. 2] . coefficient of thermal expansion (K1)
g : gravitational acceleration {m/s?)
v cinematic viscosity (m?/s)
a thermal diffusivity coefficient (m2/s)
. v ;. velocity (m/s)
Af : temperature difference between the surface and the fluid (K)

.The following functional equation is valid for the convective heat transfer
between the air and an inside wall [56]:

Nu = C .(Gr.Pr)mn (3.66)

.C and n are constants. They depend on whether the flow is laminar or

.turbulent. According to [56], the change from laminar to turbulent takes place
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at approximately Gr.Pr = 109 For the flow range 109 < Gr.Pr < 1012 various
equations are given in literature. One often finds [59}:

Nu = 0,13. (Gr.Pr)i/? (3.67)

Additional algorithms for other ranges and geometries are tabulated in 3.3.

Relations (3.67) and (3.62) allow to calculate h.:
he = (A/L) . Nu (W/(m2.K)) (3.68)
or h, = 0,13 x. (8.g/(v.a)¥/3 _ a4l {W/(m? K)) {3.69)

The characteristic length } does not appear in equation (3.69). This means

that h; is independent of the geometry of the wall surface,

GEOMETRY FORMULA APPLICABLE RANGE

Vertical plave {(L=height}
Nu = 0.59 (Gr.Pxr)l/4 104 < Gr.Pr = 108
Nu =~ 0.129 (Gr.Pr)/3 109 < Gr.Pr < 1012

Horizontal plate (L = mean of dimensions)

A. VUpper surface of warm plate or lower surface of cool plate
Hu = 0.54 (Gr.Pr)w4 105 < Gr.Pr =< 2.107
Nu = 0.14 (Gr.Pr)l/3 2.107 < Gr.Pr < 3.1010

B. Upper surface of cool plate or lower surface of warm plate

Nu = 0.44 (Gr.Pr)1/s 105 < Gr.Pr < 2,107

Vertical enclesed space (L = height, d = width, L/d > 3)
Nu = 0,18 Gri/4(Lsd)-2/9 2.10% < Gr £ 2,105
Nu = 0.065 Grl/3(Lsd)-1/¢ 2.10% < Gr < 107

Horizontal enclosed space (L = height)
A. Lower surface warmer
Nu = 0,195 Gri/+ 104 < Gr = 4,10%
Nu = 0.068 gri/3 4,105 < Gr < 4,108

B. Upper surface warmer

Nu =1

Table 3.3: Free convection algorichms according to [67]
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. o
.‘or instance, at an air temperature §; of 20 C, a wall surface temperature 4,

of 16°C and the temperature dependent constants X = 0.026 W/{m.K),
3 = 3.43 1073 K'I, v = 15,1 .10°6 m2/s, the surface heat transfer cocefficient

.:urns to:

® he = 1.57 .0613 = 2.5 W/ (m2.K) (3.70)

‘qt the air temperature #; and wall surface temperature 6, usually recorded in
rooms, the value 1.57 changes only slightly. So for building applications,

.equation (3.69) may by definition be simplified to:
. he = 1.57. Af1/3 (W7 (w2 KD} (3.71)

.In [61] and in a more recent study [55], as constant C in (3.66) is given:

0.10. (3.69) then becomes:

. hy = 1,21, agW/3 (W/(m2.K}) (3.72}
.[n (62] and [63], the following relation is found:

® -0 e (4/(m2.K)) (3.73)
with H: wall height (m)

The equation was obtained experimentally: in an enclosure convective heat
transfer from a heated vertical wall to the cocled opposite vertical wall was

tudied.
In the 1981 ASHRAE handbook [64)], the convective surface film coefficient is

&iven by:
. h. = 1,31, a#lA (Ws/(m2 K}) (3.74)

.In fig. 3.22 the formulas (3.72), (3.73), (3.74) are shown as a function- of
the temperature difference Af, for a wall height of 2.50 m.

“rom the figure it can be deduced that (3.72), (3.73) and (3.74) differ less
than 0.5 W/(m?2.K) for temperature differences Af below 5K and agree still

etter in the higher temperature difference range.
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Figure 3.22 Convective surface film coefficient h, dependent on the
temperature difference Af between indoor air and wall surface
for some examples taken from literature.

a: he = 1.57 .agi/? according to [59]

b: h, = 1.21 .ag1/? according to {55, 61}

c: he = 2.03 .(ap/HH13 according to {62, 63}

d: h, = 1.31 .83 according to [64]
3.2.4 Total surface film coefficient

The total surface film coefficient consists of a convective and a radiative part:

Qe* qr
hy = ——— (W/(m2 . K}) {3.75)
6‘1 - esi
with h; total surface f£ilm coefficient
qe convective heat flow rate
qr radiative heat flow rate
g3 inside reference temperature
B surface temperature
3.2.5 Influence of the reference temperature on the surface film
coefficient

In a heated room, a distinction has to be made between the air temperature and
the effective or resulting temperature. The air temperature denotes the gas
temperature of the air. It is measured with a radiation-protected temperature
sensor. In genersl, the air temperature is a function of place. Its strati-

fication largely depends on the heating system. The effective or resulting
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.temperature is linked to the temperatures of the room enclosing surfaces and

the indoor air temperature. It is measured with the black globe thermometer.

.Since the inside surface film coefficient h; is defined by the formula:

o q = h.(frer - fas) (W/(m2.K) {3.763
the selected reference temperature plays a major role. For the practical

.approach and the selected indoor reference temperature: see 3.2.8,

3.2.6 Experimental determination of the surface film coefficient in

. COTNers,

.Since no experimental data on the surface hear transfer in edges and corners
were available, a laboratory investigation has been set up in the frame of

annex 14 at the Fraunhofer Imstitut fur Bauphysik, Stuttgart.

. 3.2.6.1 Laboratory tests

A cubic room, made of cellular concrete, with two inside walls, was
.conscructed in a climate simulator, 7.0x 6.0x 5.8 m large {(fig. 3.23). Outside
.dimensions of the room: 2.50x 2.50 m. Measured are the edges and corners

between the external walls. These are all 12.5 cm thick, thus reaching the

.minimum thermal resistance, stipulated in the German Standard DIN 4108 [65].

[

Jawps payebnsasuy)

pUY

400

Figure 3.23 The model room for the determination by way of measurements of
the surface film coefficient in corners
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Ceiling and floor are provided with an addicional thermal insulation of 6 and
8 cm respectively, giving VU-values 0.45% W/A(n*.K) and 0.38 W/(n*. K). The room
15 heated with a convector on constant power, installed against an incternal
wall mear the ceiling. A protection prevents radiative heat exchange with the
external walls. In- and outside air temperature and surface temperatures are
measured at various heights with thermocouples. During the measuring period,
the air temperature in the climate simulator and the room are set at 0 and

21°C respectively.

3.2.6.2 Measurement results

Figure 24 gives the vertical air temperature profile, measured at the centre
of the room, A pronounced temperature srratification is observed: the air
temperature increases from 17.6°C near the floor to 22.4°C near the ceiling.
The mean indoor air temperature in the middle is 19.6°C.

The measured surface temperarures and the material and envelope part data were
used to calculate the densities of heat flow rate with a 3D steady and non-
steady-state computer programme [66]. The total surface film coefficient found
in edges and corners, given by the ratio q/(f..:-0,), is shown in fig. 3.25, on
the left related to the mean alr temperature at the level of measurement; on
the right to the central air temperature at a height of 1.70 m. Left, the
minimum surface film coefficient in the edge is below 6 W/(mZK). From edge to

centre of the wall, the coefficient increases exponentially to a maximum value
of nearly 8 W/(m2K).

25
b
2.0 W
E
E 'S /
2
-, /
8 /
o
0.5 /
0.0

16 18 i 11 4 26
Air temperature [°C)

Figure 3.24 Alr temperature distribution measured at the centre of the test
room
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Figure 3.25 The total film coefficient, measured in a massive external walls
edge, as a function of the distance from the edge (given by the
distance - wall thickness rario)} for various heights.
f..¢; mean inside air temperature at each height
two-dimensional : §; at mean room height
three-dimensjional: #; directly under the ceiling
§.qr: Inside air rtemperature at the centre of rhe room, at a
height of 1.7m

The lenght of influence of monolithic edges can be assumed equal to the wall

thickness. In formula;

. hi,edge
hy x =0y, [1 - (1 - ——). exp(-3.%/5)] (W/(m2 X)) (3.71)
1
.\n’.th hy x Total surface film coefficient at a distance X from the edge
hy Total surface film coefficient in the centre of the wall
) hi sage  Total surface film coefficient in the edge
X distance from the corner (m)
. s wall thickness (m)

In the corner, the surface film coefficient is lower with a minimum h; eof
.i 4.5 W/(m2.X). From corner to edge, the value raises to 6 W/(m2.K). The
hatched section shows the surface film coefficient when passing from an edge
.to a corner.
.However, in the calculation models in use for the heat demand or the thermal
and energy performance buildings, a constant indoor air temperature is
.generally assumed. At the right, fig. 3.25 therefore shows for several heights
on the external wall the corresponding values of the surface film coefficient
.in relation to the central air temperature at 1.70 m. A wider range of values

.results. At a height of 2.00 m, h; is abeve & W/(m?.K), and
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figure 3.26  Model room for the determination by way of measurements of the
surface film coefficient for various heating systems and
cupboard positions.

increases to 10 W/(m2.K) in the centre of the wall. This illustrates the
scatter in values by linking h; to a ceonstant central air temperature, when in
reality the air ctemperature is height-related. At all heights, the profile

again is an exponential function from the type (3.77).

3.2.7 Influence of furniture and the heating system on the surface film
coclficient.

The inside surface film coefficient at external wails depends also on the
heating system and the arrangement of furniture. A cupboard placed before an
external wall in faet influences the radiarive and the convective exchanges
with the room and acts as extra inside thermal resistance. For built-in
cupboard without backside ventilation, the convective exchange for example is
particularly small. Floor heating, radiator heating and air heating, the most
common systems in use, differ in location, number, size and temperature of
heat-emitting surfaces. Heat transfer by radiation now is largely determined
by those parameters., They alse have an impact on the inside air flow and rthus

on the convective heat transfer.
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.3.2.7.1‘ The tests

.A second test building was constructed in the climate simulacor, with ground
plan and section as given in figure 3.26. The room considered has three
.external walls, a floor of 3.05x 2.92 m2 and a height of 2.20 m. One external
wall has a double glazed window of 1.90 m?. The three remaining walls separate
interior zones. The external walls are made of cellular concrecte, d = 0.125 m,
.thermal resistance R = 0.9 (m2.K)/W. The room is heated by floor-, radiator-
or air heating. The heated air inlet is located in the fleor under the window.
.There is also the radiator. The heating systems have a set-point such that a
central air temperature of 20-21°C at 1.70 m is maintained in the test room.
The temperature in the adjoining rooms is kept at 20°c, the outside
temperature at -10°C. The location of the cupboard is shown in fig. 3.26: in
the middle a built-in cupbaard, on the right a back- ventilated cupboard on
.feets (150mm). The distance to the ceiling is 30 mm, to the exterior walls 25

mp, With the built-in cupboard, these gaps are closed.

.The surface film coefficient behind the cupboard, is determined at specified
locations by measuring the heat flow rate through and the surface temperatures
.on the external wall. The refer‘ence air temperature is logged in the centre of
the room, either at the same height of the specified location, or at 1.70 m,
Air and surface temperatures are measured with thermocouples. The air-
temperature ones are radiation protected. The densities of heatr flow rates are

recorded with heat flow meters.

3.2.7.2 Measurement results

For all heating systems, cthe surface film coefficient is measured on an

.unobstructed external wall and on an external wall behind the back of the

. Temperature distribution

vented and the built-in cupboard.

The temperature distribution in a heated room largely depends on the heating
. system. The central air temperature recorded as a function of height, is shown
in figure 3.27. In case of floor heating, the value first decreases, than
remains nearly constant between 0.8 and 1.70 m, and rises again near the

@ cciling. This increase is due to the ceiling surface
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Figure 3.27  Air temperature distribution measurements for different hearing
systems when determining the surface coefficient of heat
transfer behind cupboards

Floor heating

----- Radiator heaCing

----- Air heating

temperature: higher than the indoor air temperature because of radiative
enchanges with rhe floor. The temperature profiles for radiator and air
heating are nearly identical. However, the gradient is the largest for atir

heating.

Heat transfer at an unobstructed external wall

The surface film coefficients for the different heating systems at an
unobstrructed external wall are given in fig.3.28. The values were measured at
the centre of the wall at 6 different heights: 0.10, 0.30, 1.10, 1.90, 2.0 and
2.10 m above floor level. Hence, they are located outside the edges wall-
floor and wall-ceiling. On the left, the Eentral air temperature at the
respective height is the reference, on the right, the central air temperature
at L./ m is the reference. On the Left, the surface fFilm coefficient at 1.1 m
is nearly 8 W/(m2 K) for flaor heating, approximately 7 W/(m?.K} for radiator
heating and a little less than 7 W/(m?.K) for air heating. Towards the
ceiling, the values decrease for the 3 heating systems. Near the floor,
slightly higher values are recorded for radiator and air heating.

If h; is related to the central indoor air temperature at 1.70 m (see figure

on the right), an entirely different profile results, reflecting the
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Figure 3.28 Toral surface film coefficient measured at a monolithic external
wall for different heating systems and various room heights: no
furniture againstc the wall.

Floor heating

----- Radiator heating

----- Air heating

o
o
~
o
°

. temperature stratification. For air heating, the lowest surface heat transfer

coefficient, 3 W/(mZ&K), is measured at 0.10 m above the floor.

. Heat tramsfer at an external wall with cupboard on feet (ventilated cupboard)
Heat transfer is impaired by a cupboard placed against the external wall.
.Figure 3.29 shows the values of h; at the centre of the wall at various
heights, dependent on the heating system (floor heating, radiator heating, air
heating), for an empty cupboard and a cupbeard filled with clothes. The
distance between the back of the cupboard and the wall is 50 mm. In additionm,
for floor and radiator heating, the surface film coefficients are also given
.for a distance of 20 mm. The surface film coefficient of a unobstructed wall
is used as reference. Related te the indoor air temperature at 1.70 m, the
values at 1.10 m decrease for floor heating (diagram above, right), from 8
.W/(mz.K) {unobstructured) to 3 - 3.5 W/(m?.K) for a full and an empty cupboard
respectively. With the cavity between wall and cupbeard reduced to 20 mm, a
.value of 2.5 W/(n2.K) is found for an empty cupboard. Reason: less convection
by the increased flow resistance.
In the case of radiator heating, the values decrease from 5 W/{mK)

. (unobstructed) to 3 W/(m2.K} (empty and full cupboard), which is slightly
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Figure 3.29 Total surface film coefficienr, measured on a massive external
wall for floor-, radiaror- and alr heating, as a funcrion of
heighe. Against the wall stands ventilated cupboard with feet.
Heighr profile: related to the indoor alir temperature in the
centre ac the height considered.

Homogeneous: related to indoor air temperature in the centre ar
1.70 m height.

without furniture

----- cupboard empty, distance 50 mm

----- with clothes, distance 50 mm

----- cupboard empty, distance 20 mm.

below those for floor heating,

The values for air heating correspond to radiator heating (see diagram below,
right). h; as a function of the room height, with as reference the central air
temperature at the same height, resembles the results with as reference the
central air temperature at 1.70 m. However, .the profile mnoticeably differs
from the values without furniture. The distance wall-cupboard has a streong

influence on the h,-value near the floor and at the wall centre (fig. 3.29).
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Figure 3.30 Total surface Ffilm coefficient measured ar a massive external
wall for floor-, radiator- and air heating, as a function of the
height. In front of rhe wall stands a built-in cupboard,

Height profile: related to the indoor alir temperature in the
centre at the height considered.

Homogeneous: related ro indoor air temperature in the centre at
1.70 m heighe.

without furniture

----- cupboard empty, distance 50 mn

----- with clothes, discance 50 mm

----- cupboard empty, distance 20 mm.

=
-

Heat transfer at an external wall with a built-in cuphoard
.Heat transfer at an external wall 1is egven more impaired by a built-in
cupboard. The surface film coefficient at various heights for the different
heating systems, cupboard fillings and distances is shown in fig. 3.30.
.Hich the indoor air temperature at 1.70 m as reference, the surface film
coefficient at 1.10 m with floor heating decreases from 8 W/(m2.K)

.(unobstructed) to 1.5 W/{m2.K). However, for a distance of 20 nm, the value
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increases to 2 W/(m?K). The wvalues for vradiator- and air heating are
approximately identical. The lowest hy of about 0.5 W/{m?*), was recorded ltor
air heating with a filled cupboard and a wall distance of 50 mm (see fig.

3.30, on the right below).

3.2.7.3 Recommendations

Assuming a constant surface film coefficient with as reference temperature an
indoor air temperature at specific height, is not sufficient to obtain correct
wall surface temperatures.

External walls must not be obstructed by builc-in cupboards. Due to the very
low surface film coefficient in this case, the wall surface temperature may be
below the indoor air dew point, even for walls with a high level of thermal
insulation. If cupboards against an external wall cannot be avoided, some
venting is necessary: distance between cupboard and wall and cupboard and
ceiling at least 50 mm, the cupboard itself on feets of at least 100 to 150 mm
heigh. To calculate the wall surface temperature behind the cupbcard and to
dimension the thermal resistance needed for avoiding mould growth, the surface

film coefficient should be taken 2 y/(mzK).

3.2.8. Practical method to define the surface heat transfer in surface
temperature calculations.

3.2.8.1. Introduction

For calculation of inside surface temperatures h, in 1D steady-state thermal

conditions, the following formula applies:

Usi-e e
8y =8 - ——— . (8;- 8,.) QR ey (3.78)
h; + Ugy-y
with 4. : surface temperature (:C)

8, : outside temperaturg ( €)

§; : room temperature ( C)

hy : wall {(internal) surface film coefficient (W/(m2K))

Usi-o: wall thermal transmittance from the internal surface to the
external enviromment, i.e. inclusive the outside surface film
coefficient and exclusive the inside surface film coefficient;
(W/(m2K)}
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.The formula shows that beside the wall (characterised by its thermal

transmittance Ug-q), the inside boundary conditions (characterised by the set

{h,§})) have to be known.

In the case of two- (2D) and three-dimensional (3D) heat transfer, numerical
.methods are used (see chapter on Modelling, thermal aspects, conduction}.
Beside the geometrical description and material properties {thermal
conductivities), these methods normally require the inside boundary cenditions

.in the form of a,set {h,8). (I

.Because the mean {h,#}, used in heat loss calculations, e.g. {h = 8 W/ (meK},
§; = central dry resultant temperature), provide in most cases Loo high

.surface temperatures, appropriate (h,f}- sets for thermal bridge evaluation
are needed. This closing paragraph provides a method to define more realistic

{h,0}- sets.

3.2.8.2. Principles and assumptions.

the goal of the method is to determine a safe but realistic inside

boundary condition, suitable in the current calculation techniques.

to model the convective heat transfer between a surface part and the

inside environment, a constant convective surface film coefficient 1is
introduced, coupled to the adjacent air Cemperature {out of <the
convective boundary layer). Only a vertical, constant alr temperature
gradient is assumed. Therefore a choice of a value for the convective
surface film coefficient and a formula for the air temperature gradient
suffice to model convection.

to model the radiative heat transfer between a surface and all other

surfaces (heating surfaces included), a constant radiative surface film

Remark: they don’'t, provided that the numerical method integrates both

—~
-
e

the conduction in the geometry and the radiarion and convection to the
room. Until today, such methods are only rarely used in practice, mostly
because a large amount of data is required. Results of such meéthod can be

found in [14].
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coefficient is taken, coupled to a central radiatien temperature {(which
is the viewfactor weighted mean surface temperature). For edpges and
corners, the value of rhe radiative heat transfer is reduced, assuming
that part of the wvisible surfaces and the surface considered are at the
sape temperature. Therefore a choice of a value for the radiative surface
film coefficient and a formula for the central radiant temperature
suffice to model radiation.

- although the method could be adapted to define the course of the set
{h,8} along the surface, the one proposed defines a set (h,#} which is
constant in a limited zone and representative for the most critical point
of the surface part considered (the corner point, the edge peoint). It
means that the method uses only one (h,#} set in thermal bridge
calculations: the set derived for the critieal point.

- although the method could be adapted for several room reference
temperatures, the air temperature in the centre of the room at & height
of 1.7 m is taken as reference. An assumption which was made to simplify
the formulas, withourt affecting the r¥esults in an important way, is that
this reference temperature and the air temperature in the centre of the
room at half height, have the same value, denoted further as Bagmo:

- The reference temperature being defined, the purpose of the following is

to derive a value for the corresponding surface film coefficient h, gag.
3.2.8.3. Dimensionless temperatures,

Dimensionless temperatures are used. It means that each temperature is scaled
to an outside temperature of 0°C and a reference temperature {being the
central air temperature} of 1°C.
The temperature factor of a thermal bridge, defined as

9,- 8,

Thise ————— (3.80)
Bayeo - 8o

is such a dimensionless temperature. To denote dimensionless temperatures, the

symbel r is generally used:

fa,y. dimensionless air temperature at a level of y m above the reference

level .

r;: dimensionless central radiant temperature.
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.3.2.8.4. The air temperature gradient.

.In [68] a Fformula, based on the analysis of several laboratory tests, 1is
proposed for the vertical air temperature gradient. The formula expresses that
.the gradient 1is proporticnal te the amount of convective heat exchanged,
divided by the total surface of the room walls. As shown in [69] the formula

.can be transformed to the following upper limit zelation:

. Tay =1+ Cape.¥ - Un (3.81)

.with r,y cfr. above.
Ca a constant, = 0.2 meK/W

Un the wall-surface wei§hted mean U-value (thermal transmittance) of
all room walls (W/(m€.K}). Surface weighted means: each U-value
multiplied with the ratie between the parts surface and the sum of
all parts surfaces. For inner walls the U-values are multiplied
with the ratio 'difference in reference air temperature between
both rooms to the difference in reference air temperature in_the
room considered and the outside temperature’; (inner room walls
between two rooms at the same reference air temperature have a zero
weighted U-value).
Remark: to calculate the U-values, standard ‘heat loss' surface
film coefficients may be used.

Pe the proportion of the convective heat power to the total heat power
dissipated by the heating system (0.3 < p, = 1).
Possible values for p. are:
pe = 1.0 for air heating systems

p. = 0.9 for convectors and shielded (e.g. by furniture)
radiators

pe = 0.4 - 0.8 for radiators

Pe = 0.3 - 0.4 for floor heating systems.

.Incerpretacion of the formula: for poorly insulated rooms and convective
heating systems, larger air temperature gradients are found, while for well

insulated rooms and radiative heating systems smaller air temperature

.gradients are present.

3.2.8.5. The central radiant temperature.

Starting from theoretical considerations, fitted to the results of numerical
.simulations of combined conduction - convection - radiation in rooms, the

following formula is proposed in [69):

h,
. . = Tos (3.82)
he o+ = 0 6- "

. .
o
o
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with r_ dimensionless central radiant temperature.
he convective heat transfer coefficient (W/(m2.K)}. A value of 2.5

W/(m? K) is used (This value is justified by appﬁying equation
(3.22) of paragraph 3.2.2.2 for a temperature difference of 2.5°C,
This can be considered as a minimum difference in the case of
problematic thermal bridges)
Interpretation: normally the central radiant cemperature is lower than the
central air temperature (only for p;, < 0.4 {(mainly radiant systems) r, becomes
higher). The lowest wvalues are present for poorly insulated rooms and
convective heating systems, while for well insulated rooms and radiative

heating systems, the central radiant temperature will be higher.

3.2.8.6. Compilation.

Applying the definition of the surface film coefficient and the principles and
assumptions mentioned abeove, the convective and radiative heat exchange at an

internal surface part (at height y), coupled to the reference temperature can

be written as;

hy yae. (7o, ym0 - Thi) = he. (Tay- Thi) + hp. (7p- Tphg) (3.83)

Because Ta,y=g = 1. this equation is rewritten as:

hc- (Tay' fhi) + hr- (T: - Thi)
Ry, ymg = (W/{(mK}) (3.84)
(l- rns

To apply the formula:

- he = 2.5 ¥/(meK).

- Tay 15 calculated according to formula (3.81),

- ry is calculated according to formula (3.82).

h, = 5.0 W/(m2K) for surfaces away from corners and edges.
3.0 W/(m2K) for surfaces near edges {2D).

2.0 W/(m2K) for surfaces near corners (3D).

Because the temperature factor Tpe LS unknown (it i1s the result of the surface

temperature calculation itself) one of the following procedures is proposed to
apply formula (3.84):

1) Direct approach: in the numerical method used for 2D/3D heat transfer,

equation (3.84) can be implemented. It means that no value of by yao is
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required, but that 2 sets of {h,8} ({h,, 7.} for the convective part,
{hy,r.} for the radiative part) have to be given as input.

Graphical approach: several (e.g. 3 te 4) 2D/3D numerical calculations of

—

the building element considered are performed using different values of
h
with relation (3.84) leads to the value of hg .. Figure 3.3l shows the

a,y~p- This leads to a relation between 7,; and h, ,.,. The intersecticn
points of intersection of a 3D thermal bridge and two curves representing
formula (3.84) for an upper and a lower corner. From the intersections,
both the value of the temperature factor ry; and the value of the surface
coefficient h, yap can be read.

An alternative convenient graphical representation, using other quanti-
ties for the axes, is given in figure 3.32,

The quantities used are:

1
Rjm ———  (W/(m¥K)) Rog= M . Ry (M/(nK)) (3.85)
ha,y-O 1 - Thi

Using these definitions, the equivalent of expression (3.84) is:

TR EXX

1 + p. Reg

R = ——— (W/(m2K}) (3.86)
he + hy - p

P=he. (1- 74) + by, (1- r.) (W/(m2K)) (3.87)

jgure 3.32 shows that the room conditions given with the formulas (3.86) and
(3.87) are straight lines (p is a parameter representing the room conditions).
.&gain the points of intersection between the (almost) straight line
representing the thermal bridge and the straight lines with the parameter p,

.define the values of R,, being the inverse 1/h,y-;. Both representations are

.fully equivalent.

.3.2.8.7. Cupboard against an outside wall.

.Cupboards against an outside wall are simulated by an overall surface film

.caefficient:

Baymo = hy = 2 W/(m2.K)
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.3.2.8.8. Simplified approach.

To apply the method explained, the room parameters (U, p.} have to be known.

The aim of this paragraph is to give safe values of h, . based on (safe)
.estimated room parameters, i.e, U, = 0.5 W/(m2K), p, = 0.9.

Using these values, formulas (3.81) and (3.82) give:

Tager = 1.094

. Ta,y=0 ™ 1

Tay=-1.7 =0.847

. o= 0.857

Assuming a temperature factor ry;= 0.65 (safe target temperature factor), the
method above was applied for 9 situations (1D/ 2D/ 3D combined with y= 1lm

(ceiling) /¥y = Om / y = -1.7m (floor)).

Results:
® ... i 1D 2D 3D
. y= 1l0m 6.1 4.9 4.3
y= 0.0m 5.5 4.3 3.7
@® - 1n 4.4 3.2 2.6

.These values were calculated wusing formula (3.83) and represent the
intersections of the curves with rhe horizeontal line ryy= D.65 in figure 3.31.
.For_thelrrnal bridges, these values can be uscd as safe (but not always
realistic) if no room information is available and if several thermal bridge

calculations (with different h-values) are not desirable.
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Chapter 4%

MODELLING:
hyveric aspects

Author:

H. Hens
LABORATORY FOR BUILDING PHYSICS

Celestijnenlaan 131, B-3001 LEUVEN (Heverlee)
Belgium

4.1. Introduction

In the previous chapter, the heat transfer aspects were discussed. This
discussion focused on 2D- and 3D- conduction problems, important in
understanding thermal bridges, and opn cognvegtion and radiation, important in
understanding the heat transfer between the inside environment and each inside
surface. In chis chapter, cthe hygric aspects are analysed, starting with a
recapitulation of psychrometry ({vapour in the air), geing on to vapour and,
more general, moisture in materials and ending with a thorough discussion of
the vapour balance in a single zone room/space/enclosure. Multizone problems
are handled in chapter 5, after inter-room air transpart is introduced.

The chapter is not complete in the sense that the whole theory of vapour in
the air and moisture transfer in materials has been treated in depth. Cnly the
most important facts and simplifications are recapitulated. Anyone who likes

to know more, is referred to the references.

4.2 VAPOUR IN THE AIR: RECAPITULATIONM

4.2.1 Water?

Having its triple point within the terrestrial temperature conditioms:

§ = 0°C, p = 611 Pa, water is always present in 2 or 3 states:
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.Table 4.1 The saturation vapour pressure as a fupcrion of temperature
¢ (°C)- 0.0 0.1 0,2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
- 0 611 606 601 596 591 586 581 576 572 567
-1 562 558 553 548 544 539 535 530 526 522
- 2 517 513 509 504 500 496 492 488 484 479
- 3 475 471 467 464 460 456 452 448 4bly 441
- 4 437 433 430 426 422 419 415 412 408 405
- 5 401 398 394 391 KLT] 3184 381 378 375 371
- & 368 365 ° 382 359 356 353 350 347 344 341
-7 338 335 332 329 326 323 321 318 315 312
- B 310 307 304 302 299 296 294 291 289 286
- 9 284 281 279 276 274 271 269 267 264 262
~ 10 260 257 255 253 251 248 246 244 242 240
~ 11 237 235 233 231 229 227 225 223 221 219
- 12 217 215 213 211 209 207 206 204 202 200
- 13 198 196 195 163 191 189 188 186 184 183
- 14 181 179 178 176 174 i73 171 176 168 167
- 15 165 164 162 160 159 158 156 155 153 152
- 16 150 149 148 146 145 143 142 141 139 138
- 17 137 136 134 133 132 131 129 128 127 126
- 18 125 123 122 121 120 119 118 116 115 114
- 19 113 112 111 110 109 108 107 106 105 104
- 20 103 102 101 100 99 98 97 96 95 94
- 21 93 92 91 90 g0 89 88 87 86 85
- 22 B4 84 83 B2 81 80 80 79 78 77
- 23 78 76 75 74 73 73 72 71 70 70
- 24 69 68 68 67 66 66 65 &4 64 63
- 25 62 62 61 60 60 59 59 58 57 57
- 26 56 56 55 55 5S4 53 53 52 52 51
- 27 31 50 50 49 49 48 48 47 47 46
- 28 46 45 45 44 4 43 43 42 42 4]
- 29 41 41 40 40 39 39 38 38 38 37
- 30 37 36 36 36 35 35 as 4 34 33
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Table 4.1 Contrinuarion
¢ ("cy- 0.0 ¢.1 Q.2 0.3 g.4 0.5 0.6 0.7 0.8 0.9
0 61l 613 620 624 629 634 638 643 647 652
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 B48 854 B60 866
5 872 878 884 890 896 903 909 915 922 928
6 935 941 948 954 961 567 974 Y8l 987 944
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 1B29 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 23148
25 3166 3185 3204 3224 3243 3262 3281 3301 3321 3340
26 3360 3380 3400 3620 3440 3461 34B1 3502 3522 3543]
27 3564 3585 3606 3627 3649 3670 3692 3713 3735 3757
28 3779 3801 3823 3B45 3868 3890 3913 3935 3958 13981
29 4004 4028 4051 4074 4098 4122 4145 4169 4193 4218
30 4242 4266 4291 4315 4340 4365 4390 4415 4440 4466
31 4491 4517 4543 4569 4595 4621 4647 4673 4700 4727
a2 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 SB842 5874 5907
36 5939 5972 6004 6037 6071 6104 6137 6171 6205 6239
37 6273 6307 6341 6376 6410 6445 6480 6516 6551 6587
38 6622 6658 6694 6730 6767 6803 6840 6877 6914 6951
g 6989 7026 7064 7102 7140 7178 7217 7255 1294 71333
40 7372 7412 7451 7491 7531 7571 76lL 7652 7692 F733
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.Table 4.1 Continuation

("C)> 45 50 55 60 65 70 75 80 85 90 95

9582 12335 15741 19917 25007 31156 38550 47356 57800 70108 84524

g< 0 C: solid (= ice), gaseous (= vapour), {undercocled liquid)

4= 0 C: liquid (= water), gaseous (= vapour)

® 00 o

.Ihe equilibrium (p',§), also called the saturation pressure line liquid-vapour
and ice-vapour,is approximately given by (or,or):
® -20°C < § < 60°C :
p'= exp(65.80%4 - T066.27/T - 5.976.1n(T))
® -30°c < 8 = 0°C :

. pr= 611 .exp(82.9 .10-3 .§ - 288.1 .10-6 .2 + 4.403 .10°5 .43}
0°C s 4 < 40°C
. p'= 611 .exp(72.5 .10-3 .4 - 288.1 ,10-6 .f2 + 0.79 .10°6 .43)

Numerical values: see table 4.1.
LN

Poar
.F'al

@

T v >

0 5 o 5 P4 = 7

.figure 4.1 The saturation line for water vapour ol
Cuapter 4 : MODELLING: HYGRIG ASPECTS PAGE 4.4



IEA Annex x1v "CONDENSATION AND ENERGY" SoURcE Book .

By no means can the vapour pressure in a dry air - water vapour mixture at a .
cemperature ¢ be higher than the saturation pressure, belonging to chac

temperature!

4.2.2 Quantities, describing the presence of vapour in the air.

For the mixrure dry air- vapour, it is assumed that both gasses behave as if

they were ideal and that no chemical interaction exists. So, they cbey Gay-

Lussac's law:

p.V=mR.T (4.1}

with: p the pressure in Pa, V the volume in nm?, @ the amount in kg, T the gas-
temperature in K and R cthe gas constanc, 287 J/(kg.K) for dry air and 462
J/(kg .K) for vapour.

Also Dalron’s law holds, stating that the totval pressure p, of both gasses in

an enclosure equals che sum of the partial pressures:

Pv = Pat P (4.2)

Quantities used to describe the presence of vapour in the air are:

QUANTITY SYMBOL UNITS

ABSOLUTE Vapour pressure P Pa
Vapour concentration : c kg/m3
Vapour ratio : X kg/kg
(in relation to 1 kg of dry air)

RELATIVE Relative Humidity: ¢ or RH z

(= ratio between the vapour pressure and the saturation pressure at
cthe same temperafure)

INDIRECT Dewpoint: 84 ar Ty Cor K

(= temperature for which during an lisobaric change, the vapour
pressure becomes the saturation pressure)

Wet bulb temperature- g, or T, °C oor K
(= Cremperature of the alr with vapour vratie x/ vapour

concentration ¢/ pressure p, after an adiabatic saturation}
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‘.2.3 Relations between quantities

“he state of a dry air - vapour mixture is thermodynamically defined if the
temperature and one of the given quantities are known. The one given, allows
.o calculate all others:

Vapour preSssure -> vapour cencentration:

p
Co-—
. R.T

‘apour pressure -> vapour ratio:

P
. x = 0.621.
Pu-P

..’apour pressure -> Relative humidity:

® ¢ = 100,

p'(é})

Vapour pressure -> wet bulb temperature:

® p=p'{8.)- 66.71. (#-6.)

4.2.4 Condensation - Evaporation

An easy way to follow the changes in a dry air - vapour mixture is by using a
sychrometric chart: the graphical representation of all conditions of moist
ir within the atmospheric range. An example of such a chart is shown in fig.

4.2. In the figure, the saturation line and the lines of equal RH are drawn as

‘ functien of temperature.

qudensation now starts when, during a change of state, the vapour pressure p
eaches the saturation or 100% RH- line. Two clear ways exists: either
moistening the air without change in temperature, a so called isothermal

'a\:uration, represented by a line, parallel to the p-axis, or cooling the air
without changing the wvapour pressure, a so called iscbaric saturation,

epresented by a line, parallel to the temperature axis. The temperature of

®
[
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the moist air at the intersection point in a isobaric saturation, is called:

the DEWPOINT (see quantities).

Example

air ar 20°C and 60% RH:

vapoutr pressure: 2340. 0.6 = 1404 Pa

vapour concentration: 1404/(462. 293) = 10.3 g/md

vapour ratio: 0.621, 1404,(101300-1404)=~ 8.7 g/kg.
To achieve an isothermal saturation, we have to increase the vapour pressure
with 2340-2404= 936 Pa, this means adding some 7g of vapour per m® of air or
some 5.9 g of vapour pro kg of dry air. In a non ventilated, isothermal rocom
with a volume of 40 m?,that means a vapour production of 280 g.
An isobaric saturation requires cooling of the air o 12°C. 12°C is the

dewpoint of moist air at 20°C and 60% RH

In buildings, both ways of saturating moist air are mixed: we have at the same
time vapour production and, cooling of rthe moist air against the inside
surfaces of the outside walls. Once laying on the saturation line, i.e., once
p=p'" or § = 8, the point, representing the state of the moist air, moves

along it, with condensation or evaporation going on. Both are coupled to the

pl!l

figure 4.2 The psychometric chart, isothermal and isobaric changes of sctare
of the ‘air-vapour’
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.release (condensation) or uptake (evaporation) of the LATENT HEAT OF
EVAPORATION, approximately 2,5.106 J/kg. (table 4.2).

This latent heat introduces a strong coupling between heat transfer and

.evaporation/condensation.

he
@ (10°0kg)

Table 4.2: The latent heat of evaporation under atrmospheric conditions

g [°C) 0 10 20 30 40 50 60 10 80 83 100

2500 2476 2453 2430 2406 2382 2358 2333 2308 2282 2256

.106 - 2430 . 4

. regression line: h, = 2.5
rd - 0.999

4.2.5 Vapour transfer from and to a surface

Vapour flow in the air is directly and + rtotally linked to air flow by
.convection‘ diffusion playing only an extremely limited role. An exception is
found in the vapour transfer air-> surrounding surfaces, where the stagnant
air boundary layer has to be crossed by diffusion. This is conventionally

m described by an equation:

g =p8.(p - ps) (4.3)

with f# the surface film coefficient for diffusion, p the wvapeur pressure in

.the air and p; the vapour pressure at the surface.

If, instead of the vapour pressure, the wvapour concentration is used, the

. formula becomes:

. g = fy.(c - cg)

Between A and the convective heat surface film coefficient h,, a relation

(4.4)

exists, given by:

5 - tic . [ cp.R,. T &, ] .87

cp.Ra.Tupy Aa

This equation can for building applicaticns be simplified to!

be . 6

g - = 7.4 E-9 .h, (4.5)

a
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In borh, A, is the thermal conductivity, &, the vapour permeability, c, the
isobaric specific heat capacity, R, the gas constant and p, the veolumic mass,

all related to air.

Formulas (4.3) and (4.5) are used as a tool to calculate the condensation-
evaporation quantities. The heat released or absorbed during these processes
is;

q = g.h, = B.h,.(p-ps) = 0.0185. h,.(p-p,) (4.6)

As long as a non capillary surface is moist, the vapour pressure against it is

the saturacion walue (RH = 100%}).

4.3 MOISTURE IN MATERIALS

4.3.1 Hygroscopicity

As vapour diffuses into or out of pores, typical physical phenomena occur in
the pore, resulting macroscopical in an increase or decrease of the moisture

content of the marerial. That processus is called SUCTION or HYGROSCOPICITY

- hygroscopic materials

Let's start from a dry material and raise the RH in the surrounding air
stepswise, each step being maintained long enocugh to reach an equilibrium
situation in the material. As long as, for each step, a difference in vapour
pressure exists between the air and the pores in the material, diffusion into
the pore system goes on. For very low RH (0 = RH = 20%), the incoming water
molecules are adsorbed against the large amount of pore wall surface per m’ of
material. A monolayer of watermolecules is build, resulting in a measurable

increase in moisture content, given by:

C.4
wg = 2,62, 1076, A (4.7)
1+¢

with A;: the specific pore surface (m?/m?)
C: the energy of adsorption between the water molecule and the
porewall: € = k. exp{(h,- hg)/(R.T)]
k : the adsorption constant
h,: the heat of adsorption (J/kg).
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.Once ¢ passes 20%, the moneolayer adsorption turns to multilayer:

' 1 - (n+l).($/100)n + n.{$/100)=+ '
o wy = 2,62, 1676, AL : (4.8)
1 - (n-1).($/100)n - n.($/100)n"

.with n : the number of layers.

.Al: ¢ = 30%, the adsorbed layers in the smallest pores teuch one another:
_ water menisci are formed. Once that happens, adsorption turns to CAPILLARY
.CONDENSATION {(fig. 4.3). This phenomenon is governed by Thompsens law:
® Pt = P’ oexpl-pg/(R.Te)] (4.9)
.with p'r: the saturation pressure above the curved meniscus

c the capillary suction in the pore, given by:

o.cos 4
p, = ————— (4.10)
1/, + 1/r, )
with ¢ : the surface tension (N/m)
4 ; the contact angle meniscus - pore wall

ry,rz: the curvature radii of the meniscus (fig.4.3).

Step 1 . monoluyer STep 2 : multiloyer Step 3 : capillar
absorption cbsorption condensation.
Figure 4.3
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With a further rise of the RH, capillary coendensation occurs in wider and
wider pores, until at 100% the whole pore system should be water filled if no
air was entrapped. In practice, this is always the case and sacuration is

never reached: the moisture content blocks at the capillary one!

The hygroscopic curve, built up in that way, is called the SUCTICN ISOTHERM of

the material. It is S-shaped (fig.4.4) wich:

- a steeper increase at low RH, the higher the porosity and the smaller the
pores;

- a slower or steeper, more or less linear increase at higher RH, dependent

of the pore distribution in the material.

If we start from a water saturated potrous material and lower the RH stepwise,
a drying route is found, comparable with the hygroscopic wetcing. However,
between borth routes a hysteresis exiscts, with, for the same RH, a higher

moisture content on the drying than on the wetting suction isotherm.

/]
w
{kg /m3)
// |
L
P
e
o4 f ll 100
K_“___g( K=" si%).
monolayer \ multilayer T capillor
obsarption { absorption { condensation.
figure 4.4 The suction isorherm
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In literature, different reasons for this hysteresis are given:

- the different moisture conditions in a water saturated sample, compared
to a capillary saturated one (influence of entrapped air!);

- other menisci during drying;

- the slowness of rhe drying processes inducing the danger of taking a
state, which is still slowly evolving, as equilibrium:

- thermodynamic equilibrium differences...

The wetting-drying suction isotherm is a fundamental moisture characreristic,
specific for a given material, at least as far as the salt content remains

restricted. High salt contents may result in a much more pronounced

hygroscopicity.
w
{kg/m?)
hysteﬂesis
. surfage
wetfing
0 5 = s w
¢ (%),

figure 4.5 The hygroscopic hysteresis
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- non- hygroscopic materials

In an ideal non hygroscopic material, the adsorption constant equals @ and no
capillary suction (water repellant layers) exists. So, hygroscopic behaviour

should be absent. However, pure non hygroscopic materials do not exist.

- Importance of hygroscopicity

The suction isotherm accs as moisture capacity in all vapbur transfer
processes 1in capillary-porous materials., In fact, the vapour transport
equation looks like:

3 wy 3 ¢

drc

div(é,. grad(p'.¢}) =

(4.11)

with 8 wy /8 ¢: the specific hygroscopic moisture content or capacity cy
of the materia

8y : the vapour conductivity of the material (see diffusion)
For all materials, cy is a function of RH. Supposing isothermal conditions and
simplifying the suction curve to a 0-step/ straight line/ 100%-step function,
the specific moisture capacity becomes:

cyg = ay /p’ (4.12)

with ay: che slope of the hygroscopic line

p’: the saturation pressure, coupled to the isothermal condition.
p'.6, /ag stands for the isothermal vapour diffusivity D, of the material. For
most hygroscopic materials, D, is only a fraction of the thermal diffusivity.
That means that vapour flow and -storage are very slow phenomena, not

influenced by shert term, non-steady-state, houndary conditions....

Example: Concrete, 8= 20 °C

hygric ay /p’ = 1,84.107 kg/(m®.Pa) : 6, = 1,85.10712 5

thermal pc = 2250000 J/¢m3 . K) ;ox= 2.5 W/(m.X)

hygric diffusivity 1.0 E-9 m2/s

thermal diffusivity 1.1 E-6 m2/s

Or, the hygric diffusivicy is 3 orders of magnitude lower than the thermal
diffusiviey!
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. 4.3.2 Vapour transfer by ditfusion

. Vapour rransfer in and through porous materials is caused by vapour diffusion
and - convective flow of meist air in and through the vpores. As Llar as
.microporous materials are concerned, the hydraulic resistance is so big, that

convection may be omitted. ..
. - Ficks equations
.To describe the diffusion process in the material, Ficks law for the density

. - for dry materials;
. g = 6. c,. grad{c/c,) {4.13a)

of vapour flow rate is used:

. - for hygroscopically wet materials;
g = b.[e2/(c,-c)]. gradlc/c,) (4.13b)

Both equations show that diffusion is generated by, and proportional to, the
.gradient in relative vapour concentration. The quantity 6, part of the
proportionality factor, is called the vapour conductivity or permeability of

the material. For the ‘dry air- vapour'~ diffusien in the pores, § is defined

by:
.Y

D, 2.26173 T 1.81
- ‘ [ ] (4.14)
@ b B.Pa 273.16
with Dy,: the binary diffusion coefficient ‘dry air- vapour'
. Pa : the atmospheric pressure
T : the air temperature in K.

.The factor pu in the equation is called THE DIFFUSION RESISTANCE RATIO of the
.material, expressing how much lower the vapour conductivity of the material
is, compared to rthe value for stagnant air under the same pressure and
.temperature. For stagnant air, u is 1. This is the lowest value. The highest
is = for a vapour tight material.
Vapour retarders are materials with a high to very high p-value, Especially in
.the German and Dutch lirerature, u replaces § as material property: it's
easier to understand and gives a better feeling of the differences between

.materials. As number, it describes very concisely the porous system of a
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material. Because of <this link with porosity and porous system, one may
underscand the important scattering of p-values for the same marerial. ..

For hygrescopic materials, u, as 6, are explicite functions of the moisture
content, or, by the suction curve, of the RH in the material, in the sense

that u lewers and § increases with raising RRE.

- simplifications

For temperaturcs below 50°C, the equations for the dry and wet material
simplify to:

5
g - —.grad p (4.15)
R.T

or, with § / RT = Eﬁ
g = &,.grad(p) (4.16)

8, can also be written as:

Dya 1

& R.T u. N

8y =
with RT/D,, = N, the diffusion constant, unicts: s-!

b, and N are, as formula (4.14) shows, explicit functions of temperature and
alr pressure. However, as far as the narrow temperature differences between
in- and outside of cold moderate climates are concerned, the temperature

influence is too weak to have a major impact: hand calculations can be done,

assuming a constant value: N= 5.4, E+9 s-1

In 1D- sceady-state conditions (i.e. using long term mean climatological

data), equation (4.16) becomes for a single layer wall (fig.4.6)

g = (p;-pz)/(N.p.d) (4.17)

with p, and p;: the vapour pressures on both sides of the wall.
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.Theoretically, we should take the vapour pressures at the surface.
Practically, compared te the diffusion resistance of cthe wall, the vapour
surface film resistances 1/f are so small, that p; and p; apply for the vapour
pressure in the air at beth sides of the wall.

We call (N.up.d) the diffusion resistance of the wall, symbdl Z, units m/s.

.(y.d), units m, stands for the diffusion thickness.

For a composite wall, the steady-state wvapour rtransfer equation becomes

.(fig.ﬁ.?):

. g = {(p1-p2)/[N.Z(p;.d1)] (4.18)
with Z(ui.di): the diffusion chickness of the composite wall

The diffusion thickness replaces the p- or 6, -value for:

- all non homogenecus layers

- layers for which the thickness cannot or is difficult to measure

- layers for which the thickness is so small <chat the layer has nc

significant thermal resistance.

.Example: The composite facade wall of the Zolder case study dwelling

.from the inside to the outside:

ypsum plaster, d~=1.5cm H=235
. Inside leaf in brick masonry work, ¢ = 18 cm u o= 10

cavity, d=5t¢to 6 cm peg = 0.3

outside leaf in facing bricks, d = 9¢cm u=1

Diffusion resistance:
. Z=5.4 E+9 .(0.015 .5 + 0.18 .10 + 0.09.10) = 1.5 E+10 m/s
Vapour flow density for a yearly mean (p;-p,) = 500 Pa:

. S00

= ———— = 3.3 E-8 kg/(m?s) or 0.12 g/(m2h) or 2.9 g/{m2day)

’ & 1.5 E+10

.This result shows, as did the hygric diffusivity calculation for concrete, how
slow vapour diffusion is: only some 3g/m?2 of vapour passes, for mean boundary

.condicions. per day, through the cavity wall! Each inhabitant should need 400

m? of wall to evacuate his perspiration by diffusion only!!
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figure 4.6: Single layer wall

T
d= 9 18 1
8 10 5
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Z:15.10%mn/

figure 4.8: Example of = steady

state diffusion calculation
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.h_3.3 Capillary wetting- drying by diffusion

When condensation starts on a capillary surface, the condensate is sucked and
a critical moist surface layer, with thickness d; develops (fig 4.9). As the
.inside vapour pressuré drops below the saturation pressure at the surface,
drying begins, starting at the surface but instantanecusly shifting into the
material: at the critical moisture content, capillary flow te the drying
surface in fact is impossible. Because of the increasing diffusion resistance,
drying slows down progressiveley added to the surface film resistance, the
.more the drying front retires into the surface layer. As a consequence more
time is needed for drying, a diffusion phenomenen, then for wetting, a
capillary reality!
I1f condensation and drying alternate with time steps At, and At,, then a first

order approximation of the critical wet layer imbalance d is given by:

d =——— . (pi-P'y). AL, - .
(Wez-wa] : e ¢ N.u.8

with w_,: the critical moisture content

the hygroscopic moisture content for ¢= 98%

the dl%fusion resistance ratio of the material (value for high
RH!)

g . the surface film coefficient for diffusion

p;y : the inside vapour pressure

P's: the saturation pressure at the surface

index c = »during condensation"

index d = "during drying"”.

B 1 2.2.u.N 0.5
(l+ .(p’,-pi)d]. Aty (4.19)
(wcr'wﬂ)

0 oo 00
=5

.IF d = 0, AN EQUILIBRIUM BETWEEN WETTING AND DRYING EXISTS. IF NOT, THE
.H.ATERIAL Is SLCWLY WETTED BY SURFACE CONDENSATICN AND THE SURFACE RH REMAINS
AT 100% ...

.The slowness of drying, compared to wetting, Is not only a capillary reality
but also a fact in the hygroscopic region. This strengthens the necessity of a
.per:manent. background ventilation rate, stabilising the inside RH at a mean
level, to avoid mould germination, Where that level is, depends on the thermal

.quality of the building envelope, the inside temperature and the vapour

. production.
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Example: The bathroom of the dwelling of the Zolder case study (fig.4.10)

—

- | )

101

267

w —_— e[
figure 4.10: the bathroom

Suppose the bathroom is in use for two hours a day, 1 hour in the morning and
1 hour in the evening. (At, = lh ; atq = 1l h)

When in use, the RH goes to 100X and condensation takes place against every
surface, inecluding the colder gypsum plastered ceiling (sleeping rooms not

heated). Difference (p,-p’ ).: 840 Pa.

Next, during eleven hours the inside temperature drops to 10°C and the mean
difference (p’,-p;)q Stabilises around 125 Pa (¢; = 90X).

For gypsum plaster (w., = 320 kg/m® wy = 236 kg/m®, g = 4) equation (4.19)
gives: d = -2.3 E-4 m, or, no moisture accumulation, with as consequence very

severe mould growth, has to be expected.

With a more intensive use of the bathroom and/or a lower (p',-p;)q during the

drying period (bad wentilation!), we may realise d = 0 i.e.

a slow moisture
accumularion in the plaster and severe mould growth....
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‘v.& THE HYGRIC BALANCE OF AN ENCLOSURE: A SINGLE-ZONE APPROXIMATICN

‘Jith the hygric balance, we have a tool to predict the evolution of the vapour
pressure, vapour concentration and dewpoint in the inside air. In combination
.Jith thermal information, the possibility of surface condensation or too high
surface RH can be checked, hygroscopic influences evaluated...etc.
he way the balance is discussed in this chapter in a very systematic one:
- first cthe most simple case: NO CONDENSATION, NO HYGROSCOPICITY
- then adding: SURFACE CONDENSATION AND SURFACE DRYING

~ and finally, introducing: HYGROSCOPICITY

4.1 No surface condensation, no hygroscopicity

@000

Starcing from the mass balance:

incoming vapour + vapour produced in the zone

the outgoing vapour + the vapour stored in the zonal air

®see

.and assuming that:

- the inside air is characterised by 1 overall wvapour pressure and air

temperarture (~ideal convecrtive mixing);

the ourside air, entering through 1leaks, open windows, ventilation

devices..., can be represented by 1 outside air vapour pressure;

all wvapour ©produced in rthe =zone 1is mixed instanctaneously and

homogeneously with the zonal air;

*

the air and all inside surfaces are at the same temperature, condensatiocn
is only possible if the inside RH equals 100X,

we may write:

n.V.pe n.V.p; v d py
T - + . {4.20)
462.T, 462.T; 462.T, drt
with G, ! the vapour production in k%/h
n  : the ventilation rate in h-
462: the pas constant for vapour
T; : the inside temperature in K
V . the zcnal volume in m®.
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Rearranging (4.20) gives:
dp 462.T,.G
L by = n.pe # ———t (4.21)
dt v

In equation {4.21), G,, T;, n and p, are time dependent. Hence, exact
analytical solutions are only possible for simple cases such as steady-state,
sudden change in vapour production or outside vapour pressure (the other

parameters remaining constant), periodical vapour production and periodical

outside vapour pressure...

4.4_.1.1 STEADY-STATE SQLUTIONS

Steady-state stands for: mean values of ventilation rate, vapour production,
outside vapour pressure, inside vapour pressure over longer periods (1 week, 1
month, 1 year)..
The equation becomes (dp;/dr = 0):
462.T; .G,
Pi = DPg + —————— (4.22)
n.v

stating that:

the mean inside vapour pressure can never be lower than the mean outside
vapour pressure (+setee);

the difference (p;-p,) increases with higher vapour production or lower
ventilation rate (= P,/n}, This is illustrated in fig.4.11, the relation
In,{pi-pPe¥] being a hyperbolic, the relation [Cp, {Pi-Pe)] a linear one.
These mean that even for a low vapour production, very low ventilation
rates give high differences in inside- outside vapour pressure, but, if a
high ventilation rate is already present, scill more does not result in a
significantly lower (p;-p,)...

for a constant ventilation rate and vapour production, the difference
(Pi-Pe) Will be higher, the smaller the zonal wvolume,..

This explains to some extent why more complaints about mould are

registered in social dwellings than in middle class houses : the last

have a larger volume!
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figure 4.11 Graphical presentation of the Apj, = f(n,Gp)-relation.
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.figure 4.12 Living room of the Zolder case study dwelling
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Example: The living room of the Zolder case study dwelling: ' .

Before retrofitting of the early eighties, the mean ventilation rate by.
infilcratien and stove heating oscillated around 1 h-l, After, with the
replacement of the leaky steel windows by draught stripped PVC- frames and the .
installation of a gas fired radiator central heating, only some 0.2 to ¢.3 h-!
were left.
- The mean vapour production did not change: =120 g/h.
- Mean inside air temperature © 18°¢C.
- zonal volume : 79.95 md
- Difference (p;-p,) (see fig.4.11}:

462 .(273.16 + 18) .0.120

before: = 202 Pa
79.95
462 .(273.16 + 18y .0.120
afrer : ~ 808 Pa
79.95 . 0.25

- Inside RH (4,= 18°C):

¢s [%]

Yonth before after
J 42 .86 72,0
F 44 .6 73.5
M 49 .6 77.3
A S54.6 g81.0
0 54.6 81.0
N 48.9 76.7
D 43.9 72.9

Therefore, the poor ventilation reality after retrofitting has an important
effect on the inside RH and, through that, on the chance on mauld, so widely

present in the escate!
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.&.&.1.2. NON-STEADY-STATE SOLUTIONS

CASE 1
[

Constant: ventilation rate, inside temperature, outside vapour pressure.
.Inside vapour production starts or changes at t=0.

.As solution of the balance equation, we get:
Pi = Piz + (Pip - Pio) - exp{-n.t) (4.23)
.wich pi=: the inside vapour pressure steady-state value
Pio: the inside vapour pressure at t = 0.
The resuit shows that in non-steady-state conditions, the hygric inertia of
.the inside air volume V is relevant, the time constant being the inverse of
the ventilation rate: 1/n. The better the ventilation, the quicker the near

.steady—state inside vapour pressure py» is reached and the lower it is.

.If the meoisture production stops at t = 0, then (4.23) becomes:

Pi = Pa + {Pia - Pu} . exp(-n.t) (4.24)

This equation allows, assuming that no surface condensation took place during

.the vapour production interval and no hygroscopic inertia exists, an estimate
of the ventilation rate to be made from a thermo-hygrograph registration, as
shown in fig. 4.13. Py =P+ py-p,) e

Ci.C, 13
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figure 4.13 Guessing the ventilation rate from a hygrothermograph output
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Example:

Let's go back to the living room of the Zolder dwelling. The monthly mean
vapour production was 120 g/h. Suppese this production starts each day at 8
p-m and goes on at a constant rate until 10 a.m. So, the daily vapour
production scheme looks like:

hour 0 1 2 3456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23

G, 0000000 0)<€memanaaacaos 206 g/M mmemmmmeaaa >lo o

Take a winter day, outside climate: #, = 0.7°C, ¢, ~ 79.5%, Pe = 504 Pa; inside
temperature: 8, = 17.9 °C

Inside vapour pressure and R.H before and after retrofitting: see fig. 4.14.
The figures clearly demonstrate the non-steady-state inertia effect: with

n = 1 h'!, changes go on quickly and the low level p, and #; steady-state value
and p, again are reached within 3 h; with n =0,25 h'l, after the 14h of vapour
praduction, steady-state is not yet reached and next merning, p; is still
higher than p,. p; and ¢§; also climb to high levels (= an important oscillation
in p; and @¢;-value!).

- ,
i " g
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B wl || -
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A R YO v w e e a7 ng ofter the refrofit.
figure 4.14
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figure 4.15 Solution by vector- calculus

CASE 2

.Constant:ventilation rate. . )
OQutside vapour pressure and inside vapour production oscillate with a period T
and amplitude G, and p,-

The harmonic solution of the balance equation is:

with:
~ Pea ~ R.T.G,

. Pitm=1) = Pitm=2) =
i AT @

2.7t

p;-§s+%[mm . cos( +@.m+ @)] (4.24)

n.V.AT

In these, AT stays for the attenuation factor and ¢ for the phase shift

.between the p, and G, oscillation and the p; result:

. AT = 1 +[-'—]2 @ = atn(2.n/n.T) )

.(ﬁ.Zﬁ) shows that, compared to steady-state, in harmonic mode an amplitude
attenuation and a phase shift exists between oscillations in outside vapour
pressure or/and inside vapour production and the inside vapour pressure. This

.attenuation and shift are caused by the air volume inertia, and are totally
defined by the harmonic period and the ventilation rate: the sherter the

.period and the lower the ventilation rate, the larger the attenuation and the

.phase shift.
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Equation (4.24) is easily transposed to vector or complex number calculus: en
the goniometric circle, p, and Gy are vectors with angle ¢; and ¢; with the
cos- aXis. pg/AT and (R.T.G,)/(n.V.AT) are also vectors, both shifted over an

angle ¢ compared to p, and G.

Pi is given by rhe vector sum of p,/AT and G /AT: see fig. 4.15.

Example: The living room of the Zolder case study dwelling.

‘The outside temperature is 2.7°C, the inside temperature 17.9°C. On a daily
basis, the vapour production shows a harmonic course, with a mean value of 120
g/h and an amplitude of 120 g/h, maximum value at 15 h. Also the outside RH
changes harmonically with a mean of 84.5% and an amplitude of 5%, maximum

value at 11 h., The resulting inside vapour pressure and R.H before and afrer
retrofit are given in fig.4.16,

As attenuation factor and phase shift, we get:

CASE AT @ [h]
befere retrofit, n = lh-! 1,03 1
afrer retrofit, mn = 0.25 h-1 1.45 3

However, in spite of the higher attenuation facter, the inside vapour

pressure and RH climb much higher after retrofitting .than before:

MAX AFTER BEFORE
b, (Pa) 1920 958
RE (%) 335! 46.7

If no air volume inertia interfered, we should -find: AT= 1,p= O and

MAX AFTER BEFORE
p, (Pa) - p', (2052) 965
RE (%) - Tob .o 47,0

i.e. after retrofic, condensation occurs everywhere.
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figure 4.16
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CASE 3

All parameters variable: outside vapour pressure,ventilation rate, inside
temperature, inside vapour production.

An analytical solution is not possible any more: one has to turn to a finite
difference approximation. A possibility is the use of a mean differences

technique, giving as a sclution:

1 462.T¢.G,
Pi1 = ———— . [(1l-n.At/2) .pjo + n.AC.(p, + ——)] (4.25)
(l+n.At/2) n.v ’

with At ; the time step
Pio: the inside vapour pressure at cthe start of the time step
Pi1: the inside vapour pressure at the end of the time step
Pe, N, Gn, T;: rthe mean outside vapour pressure, ventilation
rate, inside vapour production and inside temperature (in X!)
during the time step.

Equation (4.25) allows us to study the influence of e.g. the aligning of the
changes in ventilation rate with the peaks in inside vapour production: more

ventilation wicth increasing, less with decreasing production...

e
197k
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n
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u
. o _ oetre 1me
3 e
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§
a l"l =) alter_itw
| ":0% J:__ y.__| _L.. J==1 _!__~ --TL_J retratil

o [ 2 ] X

. ) . Tarw (0] ) 3
figure 4.17(1) Variable moisture production and ventilation race
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. Example: The living room of che Zolder case study dwelling.

.As can be seen on the lay-out, this living room is in direct contact with the
kitchen, the door between always being open. Sc the cooking vapour production
peaks are directly transmitted to the living space. Suppose . before and after

retrofitting a vapour production scheme given by (fig.4.17(1)):

h 01234567809 1011 12 13 16 15 16 17 18 19 20 21 22 23 24
Gy —ermmm- O —een- >t |< 100> <--100->|<150>! |<--100->|<--0--
F lo:L | 7oo| | }aoé |

(L) (2) (3 {43 (3} 6y (77 (&) (93

night, no people in the living room
breakfast

a mean of 2 people being present
neon cooking

a mean of 2 people be1n§ present
daughter visits: 3 peop

even1n§ cooking

2 people teleV151on watching

P P W
oo~ L B o
M o e e N

nlght

CONSTANT: before: 1 ht-
after : 0.25 h-?
LINED: before:
h 01236567 891011 12 13 14 15 16 17 18 19 20 21 22 23 24
n o------- 0.8----- >1 L«: 1.2>| |<--0.8->|<L.2>| J< ----- 0.8---n--
. 1.72 1.

after:
h 012364567809 1011 12 13 14 15 16 17 18 19 20 21 22 23 24
noe--e-- 0.2----- >$ l< 0.3>| |<--0.2->|<0.3>]  |<----- 0.2------
) 0.43 0.4

. The vencilation rate is either constant or in line with the vapour production:

The low ventilation rate after retrofit, during cooking, is a consequence of

the impossibility of the kitchen hood to work well: it creates an

. underpressure but no effective ventilation...

" As hourly mean climatological data, we have (measured with thermohygrographs

on 12/2/88):
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h 8, (7C) éa (%) 4 O
1 1.8 T4 17.0
2 1.8 76 16.5
3 1.8 17 15.5
4 1.8 78 15.0
5 1.9 78 14.5
[ 2.0 7% 14.5
7 2.0 80 14.0
8 2.1 a0 12.5
9 2.2 80 13.0
10 2.2 81 20.5
11 2.2 81 21.0
12 2.8 81 21.0
13 3.5 81 20.5
14 4.4 14 21.3
15 5.0 70 20.5
16 6.0 b6 19.0
17 5.8 57 21.Q
18 5.0 59 21.0
19 3.5 60 22.0
20 3.0 61 20.0
21 2.0 62 20.5
22 1.8 64 22.0
23 1.6 65 21.5
24 0.4 66 20.5

The resulting inside vapour pressure and RH; are drawn in fig.4.17(2). Thesc
figures show some interesting features:
- aligning the ventilation rate with the wvapour preductien results in a

clear benefit on maximal inside vapour pressure and inside RH:

n MaX (at 13h) AFTER BEFORE
constant p; (Pa) - E' (2412} 1587
é (1) - 1ad %t 65.8
lined pi (Pa) 2188 1281
¢ (%) 90.7 53.1

- the low ventilation rate after retrofitting results in a rather slow
decrease in vapour pressure after production peaks, the higher wvalue
before gives quick c¢hanges on much lower p;- levels;

. the dynamic mean value of inside vapour pressure and RH is very clese to

the steady-state result on daily mean basis.
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4.4 2 Surface condensation, no hygroscopic influences

Surface condensation is possible as soon as the assumption of a totally
isothermal zone (air and all surfaces at the same temperature) is left aside.
In pracrice, this is always the case. With surface condensation or drying, one
has to add two extra terms to the mass balance, ome to the production side and

one to the release side:

incoming wvapour + vapour produced in the zone
+ THE VAPOUR, DRYING FROM WET SURFACES
autgoing vapour + the vapour stored in the zonal air

+ THE VAPOUR, CONDENSING ON DIFFERENT SURFACES

If the assumptions of ideal mixing of the inside air and 1 outside air vapour
pressure are maintained, the balance equation becomes:

n.V.ps n.V.p; v d ps

Gp + - + DBy Ay {pi-pley)] + —— . (4.26)
P gea.r, we2.T, 4 TTTEE R Taeor, Tk
L 11) l
Y
with (t): the condensation / drying term
. the diffusion inside sur%ace film coefficient

A . the surface where condensation / drying takes place

p'a? the saturation pressure on that surkace.
Rearranging (4.26) gives:

SR tnr - B0, Ap) S B0y Ay b ]+l 4 )

+ (n+ -, A ].pp =~ nup, + - Ay plep] + —m— .
dt yge TR C oy e e

To solve problems of surface condensation / drying, equacion (4.27) has to be
combined with;

the condition for surface condensation: inside vapour pressure higher

than the saturation pressure on the surface;

the mass balance at the surface: if M g of wacter vapour per w? have
condensed, M g can dry...

1f the surface temperature changes from point to point, the I in formulae

(4.26) and (4.27) has to be replaced by an integral.
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.In the equations, all parameters except the volume V, are time dependent. That

i

makes exact analytical solutions only possible for simple cases such as

steady-state, Sudden c¢hange in vapour production, harmonic changes, etc.

4.4.2.1 STEADY-STATE SOLUTION

As stared under &4.4.1, steady-state holds for mean situations (1 week, 1
month, 1 year), and mean values for all parameters.

.Equation (4.27) turns to (dpy/dt = 0):

1 462.T, 1
Pi = -.Ps + .G, + Z(By. AP 550 (4.28)
[ ) B av.e' P p.v.B 1 s
Z(B.A)
@vith B~ (1 + 0

n,v

. This steady-state solution shows that 4 major influences are relevant to p;:
. - a linear relation with the ocutside vapour pressure,

- the vapour production
. - condensation / drying

- a hyperbolic relation with the ventilation rate.

o ,

Ap,, / v=7995m’
. 1Pa) /1‘ ne 625K
// T1m? o double glozing

/

”
drying condensation

¢ 5] r. ae %0
mP
igrm
figure 4.18: Influence of condensation- drying on A&p;~f(Gp), Gp being the
vapour production
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Contrary to the situation with no condensation, after a condensation period,
the inside vapour pressure does not egual the outside value in the absence of
further vapour production but remains higher. This situation persists, untzil
all condensate has dryed.

With condensation, the slope of the line p;(G,) is also weaker than without,
i.e. vapour production has less influence on the inside vapour pressure than

without condensation (fig.4.18):

Example: The living room of the Zolder case study dwelling.

The room has windows on the sireet and garden sides with total glass surface =
7.11 m2. Before recrofitting, both windows were single glazed. During the
retrofitting work, they have been replaced by double glazed PVC-frames,
Ventilation rate: 1 h'! before and 0.25 h-! after retrofitting; inside

temperature 18°C; vapour production Gp = 120 g/h.

o rofite]
MONTH ¢ R SURF.COND, Pi ¢y
¢ % on single glas Pa %
J 3.0 89.3 no 881 42.6
F 3.9 83.7 no 936 45.3
M 6.4 §2.3 no 1087 52.6
A 9.1 1.3 no 1259 61.0
0 g.1 91.3 no 1259 61.0
N 6.0 §2.3 no 1065 31.6
D 3.6 90.2 no 815 44,3
t tr t
MONTH ‘A de SURF. COND. P: ¢; amount of condens
C 4 on double glas Pa 4 g/mday

J 3.0 89.3 yes 1420 68.8 33
F 3.4 §Q.7 yes 1458 10.6 42
M 6.4 2.3 yes 1562 75.6 66
A g.1 91.3 yes 1686 8l1.7 89
0 9.1 91.3 yes 1686 Bl1.7 89
N 6.0 g2.3 yes 1547 74.9 62
D 3.6 90.2 yes 1443 69.9 39

or, with n = lh}, we have no monthly mean surface condensation on single
glazing! That does not mean that, during shorter periods, we may never have
some surface condensarion, but at least, that condensation and drying of the

glazing alternate in such a way that, on a mean basis, dry windows prevail, ..
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.Afl:er recrofitting however, with n = 0.25h7!, we get monthly mean surface
condensation on double glazing! The amounts of condensate are substantial: in

.fact, during the colder half of the year, the glass remains continuously wet,
or the inhabitants an annoying situation, in direct contrast te the double
glass selling slogan of "no longer wet windows....".

.A solution, suggested by some, i§ to replace a part, or the whole of the
double glazing by single glazed panels. Suppese this is done and some to all
double glass is omitted. For April, we get as function of the single glass

surface ( 5S¢ = single glazing, DG = double glazing ):

SURFACE SURF.COND.on the Py ¢ amount of condens
® 5G (m?) SG DG Pa 2 SG g/(m2d) DG
0.0 - yes 1686 8l1.7 - 89
0.3 yes yes 1677 81.2 936 67
® .o ves ves 1653 BO.0 702 14
7.1 yes - 1456 70.5 205 -

with 0.3 m2 SG: a ventilation window;

. 1 m2 5G: the openable window single glazéd;
7.1 m? 5G: the 2 windows single glazed (fig. 4.19).

.We can say that:

- replacing part of the double glazing has only a very limited influence on

the inside vapour pressure and RH;

.- the amounts of condensate per m? on the little surface single glazing at
the other hand become awfully high and increase rapidly, with smaller

] surface (fig, 4.20);

.- going back to 'all single glazing' gives a clear benefic in inside vapour

pressure and RH, but results in unacceptable wet windows and higher heat

A correct conclusion is that replacing double by single glazing does not give

. losses. ..
o

a satisfacrory solution; much better is to ameliorate the permanent

ventilarion (fig. 4.21). Results for April:

QIENTILATION RATE SURF.COND. Pi ¢y amount of condens
h-? on the DG Pa % on the DG g/(m2d)

. 0.1 yves 1764 85.4 263
0.25 yes 1686 81.6 89

‘ 0.4 no 1561 75.6 0
0.6 no 1393 67.4 0
1.0 no 1258 60.9 0

CHAPTER & : MODELLING: HYGRIC ASPECTS PAGE 4.36



emounts of condersate  g/{ mid)

IEA Anvex x1v "CONDENSATION AND ENERGY" SOURCE BDO).
—
falc @ os//i"
7 aw / 253
H)

DG SG [olc]

T

1
56 56

Garden focade Street focade

figure 4.19: windows

tp,
iRt

Ap;,
Pal .

&0 ao 4
A
\
\\\ \_‘\\
w .

-
."'lu
\ S
T~
0

™~

1 1 L i LY

A
!
/
§ ]
differere i insde - outside
1 8
//
/]
ose60 0 e 00000000000 0OF0

0 2 : 5 ) s b 02 o o8 08
orga of single glozing nlach.
tmt}
figure 4.20 Amouncs of condensate figure 4.21 Influence of an increased '
on Im? of single glezing mean ventilation rate on Ap,

on daily basis

CHAPTER 4 : MODELLING: HYGRIC ASPECTS PAGE 4.37 l




.EA ABNEX XIv "CONDENSATION AND ENERGY" . Source Boox

‘ G.2.2. NON-STEADY - STATE SOLUTLONS

‘ASE 1

Constant: ventilation rate, inside temperature, cutside vapour pressure.
dnside vapour preduction starts or changes at t = 0, condensation on surface 1
egins at time t,.

.s the solution of the balance equation when condensation- drying starts, we

get:

.;ith Pi=y: the steady-state inside vapour pressure value with
condensation / drying on surface 1
R.T,

P's1: saturation pressure on 1

a o
' a= n. [l +—— (ﬁlai)] (4.30)
' n.v

Pi = Piay + (p'si- Pima).exp{-a.{t-ty)] (4.29)

the equivalent ventilation rate, given by:

"rhe solution shows that in non-steady-state conditicens, surface condensation
and drying are equivalent to a fictitious increase in ventilation rate: the
“Wnore conidensation™/ drying appears, the gquicker the near steady-state inside
:‘vapour pressure will be reached.
Tf the moisture production stops at time t;, then (4.29) becomes:
._ Pi = Pigar™ (Pira- Pizei).exp[-a.(c-t2)] (4.31)
the outside vapour pressure at the moment the production

with piez
‘ stops
Pizo1: Che steady-state inside vapour pressure given by (4.28) for

® "
(4.31) holds as long as not all the condensate on surface 1 has dried.

or a run on a daily basis, we have to combine the sclutien £for no

|- aacondensation with the one for condensation, the last to be adapted stepwise,
each time condensation starts on another surface with higher temperature ratio
.:han the previous one. During the drying stage, the amounts of condensate
remaining on all surfaces have to be monitored. Once a surface dry, it is

dropped from the equation.
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Example: the step function example with no condensation. ‘ .

The wvapour production in the Zeolder living room starts each day at 8 p.m and .

goes on at a constant rate until 10 a.m, so, cthe daily vapour production .

scheme looks like:

hour 01 2345067 891011 121314 1516 17 18 19 20 21 22 23

G, 0000000 0|€mmonmamran-- 206 g/h mecccanomeao- >0 0

Before retrofitting, we have: n = 1 h'l and 7.11 n? of single glazing,

afterwards :n=0.25 h! and 7.11 m? of double glazing.

Some years later,the mould complaints led to a reinstallation of 1 m?

of single glazing. Take a winter day, outside climate: #.= 0.7°C, ¢g~ 79.5%,
pe= 634 Pa; inside temperature: 8;= 17.9 °C

Inside vapeur pressure and RH before and after retrofitting: see fig. 4.22.
The figures not only show the non-steady-state effeccts but also the absence of
non-steady-state surface condensation on the single glazing before
retroficting, while afverwards, daily condensation on the double glazing is a
reality. Putting back a 1 m? single glass panel only results in, accumulating
condensate on this vrestricted surface, without eliminating the daily
condensation on the double glass. This surface condensation however cuts off
the inside vapour pressure peak, spreading the daily moisture production
influence on the vapour pressure over all the day (in fact, as long as it is
wet, the single and double glazing act as vapour sources) and uncouples the
condensation surface RH from the inside value: as long as the surface is wet,

one has against it 100% instead of the value:

1P 1P sy

Drying of condensation on a surface with higher temperature ratie, also
induces extra condensation against the colder surfaces. Only when the warmer
surface is dry, drying of the next colder starts.This may result in long

lasting wetting of the coldest spots.
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CASE 2

Constant:ventilation rate.

Qutside vapour pressure and inside vapour production oscillate with a perieod T
and amplitude G, and p,

The use of the harmonic model for the surface condensation case, is only
possible if the wvapour balance does not jump from condensation/drying te mno
condensation/ no drying. If so, the solution is easily written by incroducing,
in the formula &.24, the equivalent wventilation rate instead of cthe

ventilation rate n.

Example: the Zolder living room

We should have had as attenuation factor and time shife:

CASE no condensation condensation
AT ¢ [hj AT ¢ [h]
1.03 1 1.015 0.5
1.45 3 1.24 1.8
1.264 1.8

A
B
C
A = before rvetrofit, n = 1 h-1, 7.11 mZ of single glass
B = after retrofit , n = 0.25 h-1, 7.11 m2 of douﬁle glass
C = 6.11 m? of double, 1 m® of single glass

or, condensation clearly lowers the inertia

CASE 3

All parameters variable: outside vapour pressure,ventilation rate, inside
temperature, inside vapour production.

In that case, we have to turn to a finite difference approximation, using eg a

mean differences technigue: (QITH SURFACE CONDENSATION)

1 ¢62.Ti.Gp 462.T3.E(ﬂj-ﬂj.]§!‘,j)
Pir = = . ( a;.Pig + @2.[Pe + + )
b; n.v n.v
n.At 462 . T, . At. (B, . A,
with by = 1 + + - (Py-4s)
2 2.V
n.At 462.71, . At . E(B;.Ay)
ay == ]_ - -
2 2.v
a; = n. At (4.32)
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wich At : the time step
. Pic : the inside vapour pressure at the start of the time step
Pi1 : the inside vapour pressure at the end of the time step
Pes 0, Gp, T: and p’;;: the mean outside vapour pressure, ven-
. tilation rate, inside vapour preoduction, inside temperature
(in K!) and condensation surface saturation pressure during
the time step.

.(A.BZ) has to be combined with (4.25), the finite difference equation feor mno
.condensation/no drying, using the scheme (j: coldest surface, orly 1

condensation surface):

Pi1 > P'g; -> condensation ->» use of (4.32),

calculation of the amcunt of condensate with: M =E[g£;.A;.{Pi1~P's;)-4L]

Pi1 < p EJ ; Qi >0 -> drying -> use of (4.32) with §, = 0
.p i Qg = 0 -> no condensation -> use of (4.25)
no drying

Wwith more than 1 condensation surface, the control scheme applies on each
.surface, the no condensations/no drying case only being the reality when all

surfaces are dry, with, for the coldest, p;; < p’s;. In all other cases one has
.:o add (when condensation starts) or to omit surfaces (once that surface is
;.dry). The finite difference , scheme allows the study of fairly complex
i

situations.

Let's go back to the Zolder living room case with all parameters variable,
.without condensation, vapour production scheme unchanged (fig.4.17(1)):

i h 0123456789 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Gp —--m--- 0 -en-- >g l}< 100> | [<--100->|<150>| [L<--100->|<—-0--
0 700 40

;.. (1) (2)y (3) (43 (5) (6 7y (8) (N
i (1) night, no people in the living rcom
.'.(2) breakfast
‘"W (33) a mean of 2 people being present
" (&) noon cooking
.(5) a mean of 2 people being present

(6) daughter visits: 3 people

(7) evening cooking

(8) 2 peop%e telew.s:.on watching

(%) night

The ventilation Tate is either constant or in line with the vapour productiom:

CONSTANT: Dbefore: 1 h-i;
after ; 0.25 h1;
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LINED: before:
h 01234567 891011 12 13 14 15 16 17 18 19 20 21 22 23 24

no-eeee-- Q0.8----- >i L<-1.2>\ j<--0.8->f<1. 2> 4< ----- 0.8------
. 1.72 1.
after;
h 1234567891011 12 13 14 15 16 17 18 19 20 21 22 23 24
N se---n- 0.2--v-- > <-0.3> <--0.2->1<0.3> e 0.2------
b L0l ! 1<0-21, |

Possible condensation surfaces:

- before retroficting: 7.11 m? of single glazing ]

- after retrofitting : first 7.1l m? of double glazing; then 6.11 m? of
double, 1 m? of single glazing.

Hourly mean climatological data, see: no condensation.

Resulting inside vapour pressure, ¢;, surface RH and amounts of condensate

before and after retrofitting: fig.4.23.

These figures show, apart from the points discussed in the no condensation /

no drying case, some interesting features:

- condensation clearly cuts vapour pressure peaks (see the period when

lunch is cooked 1.5 h);

- before retrofitting, some surface condensation appears on the single
glazing only during cooking. Drying goes on quickly;

- after retrofitting, condensation on deuble glazing is abundant and long
lasting: the glass is dry only in the morning. The inside outside vapour
pressure difference remains positive;

- putting 1 m? of single glazing reduces the condensarte on the remaining
6.11 m? double glass. However,the single glass stays awfully wet for the
greater part of the day;

- modulation of the ventilation rate with the inside wvapour production,
reduces the peaks before as well as after retrofitting and gives a

somewhat lower mean inside vapour pressure:

Pim (Pa) before rerrofit, after retrofit.
constant vent. 780.2 1292
modulated vent. 747.1 1256

However, the very low night ventilation ‘after’ (0.25 h-1) results in

permanently wet single glazing.
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4 4.3 Hygroscopic influences

In the paragraphs covering no condensation/no drying and condensation/drying,
all zone defining walls and surfaces were implicitly suppesed being mnon
hygroscopic, i.e. built of non porous materials or covered with non porous
finishing layers. In reality, most materials and many finishes show a more or
less important hygroscopic reaction: they take up or release vapour when

changes in inside RH occur:

highly hygroscopic: wood, paper....

hygroscopic : concrete, mortar, cellular concrete...
less hygroscopic : bricks
non hygroscopic : glass

Hygroscopicity, also called suction, only interferes when relative humidity
changes exist, i.e., when non-steady-state conditions prevail: in long lasting
steady-state situations, the suction effects in fact reduce to steady-state

vapour diffusion...With suction, the zonal mass balance turns to:

incoming vapour + the vapour produced in the zone
outgoing vapour + the vapour stored in the zonal air
+ the vapour condensing on non porous surfaces (1)

+ THE VAPQUR UPTAKE BY ALL HYCROSCQPIC SURFACES (2}

(1) and {2) shift to the other side of the equation when condensation turns o

drying and hygroscopic vapour uptake becomes vapour release.

4.4.3.1 THE BASIC MODEL

Here, we maintain the hypotheses of ideal mixing..etc, formulated before.

Putting the balance into an equation gives:

n.V.p, n.V.p, v d p;

Gp + ——— - Z[B;-4;.(p;-P"a)] + 6y - - . (4.33)
462.T, 462, T, 462,T; dt
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IG,, stands for the vapour flow at the k different hygroscopic surfaces in the
zone. Take hygroscoplic surface k. Vapour reaches it by diffusion, the flow in
the thin stagnant air layer just against it being given by:

Gsk = By Py (Pex-Pi) (4.34)
with &, : the area in m2,

By :the diffusion surface film coefficient,

Psx: the vapour pressure at the surface.

In wall k, just at che inside surface, the flow can be written as:

1
Gex = 6p .(grad p), = ——; .(grad p)s (4.35)
i

The mass balance in the wall looks like:

3w,

div (6, . grad p) =
gt

or, suppesing that the flow is one-dimensional:
3(p'. ¢)) g W 2 ¢
T x P d x d ¢ I
Studying suction influences now means: simultanecusly solving a system of

equations (4.34-4.368), with (4.35-4.36) for each hygroscopic surface. k

surfaces results in 2k+l equations!

(4.36)

In the system, equation (4.36) is non linear: both the vapour conductivity &,
and the hygrie capacity (8 w./ &8 ¢) are highly RH-dependent. Because of that,
solving the system 1is only possible with FEM-or FDM-techniques, unless

simplifying assumptions are introduced.

4.6.3.2 THEORETICAL APPROACH 1

effective air mass multiplier concept

The most simple concept to represent the moisture storage capacity of a
building is the use of the effective air mass multiplier. Several publications
deal with this model [16][17]. It assumes the hygroscopic moisture to be

stored in an equivalent extra air mass, reducing the system of equaticons to

one:
d ps 462.T.G,

En. + n.pj= n.p, + —— {(4.37)
dt v

with E,: the air mass multiplier.
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.This concept virtually moves the storage effects from the solid part te the
air. Even short term effects are approximated by this. The multiplier itself
.depen_ds on the surface to volume ratioc, the ventilation rate and the material
properties of the walls. The concept is often used in HVAC- simulation
programmes. The advantage is that it can be implemented in any existing model
.with a minimum of difficulty. However, the concept has severe limitations, in
particular because of the properties of the building materials not properly
.defined. Nevertheless, as shown in Annex 13, it can predict the indoor

.relative humidity with some degree of confidence.

. 4.4.3.3 THEORETICAL APPROACH 2:

all material properties constant (= linearisation of (4.36)), use of a lumped
hygroscopic term (= first order approximation, called the effective
penetration depth concept [18])

Lumping is done by using an effective penetration depth dy. The primary
.assumption in it is that only a small surface bounded layer of the solid
material contributes teo the storage process. Temperature and moisture content

are assumed to be linear in that layer. With it, (4.35) and (4.36) combine to:

1 d Psx

— . (P; - Psx) = Cpx - (4.38)
Zy dt
N
$. wall - poper /
z lime M T
3 niostek.
o m_\
¢ %)

figure 4.24 The effective penetration figure 4.25 The specific hygroscopic
- depth concept capacity
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Problem in (4.3B) is to find reliable values for the effective diffusion
resistance Zy and the storage capacity Cp. A choice as linearised storage

capacity over the effective penetration depth, also made in the FAGG- model

[19], may be:
dh a-.dl
Ciy = I (o (4.39)
¢ p'sk
As its diffusion resistance, one may take:
1 - 1
Zy = — + £ (———) (4.40)

B ° wu.N.d;

The sum in Cp, has to be taken over all material layers, situated within dy.

In the diffusion resistance Z; contains all layers between the wall’s inside
surface and the storage capacity mass centre C of the effective penetration
depth (fig. 4.24) (for a 1 layer active thickness situated in the middle of
that layer); a; is the slope of the * linear central part of the suction curve

of material i (fig 4.25); u, is its constant diffusion resistance number.

4.4.3.3.1 GCASE 2.1

STEP CHANGE IN VAPGUR PRODUCTION (all other parameters supposed time
independent)

We start with the simplest case: 1 hygroscopic surface, no-condensation / no-

drying. The system reduces to:

ZONAL HYGRIG BALANGCE
462, T;. Ay 462 . Ty Ay 462.T;.Gp
(D+n+ ————) . pj - = . Psx = N.Py + ————
2.V Ze.V
SURFACE HYGRIC BALANCE
P'ak " sk

P
s P11+ DFt——) . pu =0
Zg.ag.dy Zy.ag.dg

with D: the differentiation operator.
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. Combinig both, reduces the system to a second order differential equation:

; 1 1 1 1 pPe 462.T;.G,
. (D2 4+ (E—).D+ — . —] . p; = — . + —)
! ty ty ta Ty T
. with the time constants t;, Cp and t; given by:
1 1 462T1Ak 1 P‘sk
—=n ; —_———; —_—— -
. ] t2 ..V ty Zy -ap . dy

. Solution of the differential equation:
Pi = Piw * C1 . exp(rj.t) + Gz . exp(rz.t)
with p.n: the steady-state inside vapour pressure value for a vapour
production G, and ventilation rate n.
The roots r; and r; are:

1 3
ry, Iz = - —. (&
2 1

- [(:E 1 o . 4 ]0.5)

Tty t1.T03

T

The absolute value of root r; (..+..) normally is so large that C;.exp(r,.T) is
only important the first moments after the step change. If:
1 4

S>> ,
ty ° tp.ta

3
z
1
the differential equation turns to first order and root r; reduces to:

- 1/(t,.t3)

r -
z T 1/t,

The integration constants C; and C, depend on the starting conditions
Pig and pgp- If both are equal, we get:

(ra+l/t1) . (Pya-Pip) (ry+1/t;) . (Pio-Pio)

1= 2
ri-T; rp-T,

Other starting conditions give other integration constants.

With m different hygroscopic surfaces, the differential equation theoretically
becomes of m'‘th order. In practice, it can be replaced by a first order
equation with roor r equal to:

1/(t1.t3. 5. .. Eaqe1)

r =

% (l/t;)
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When condensation and drying on a non porous surface j occurs during the

Production step, we have to adapt the differential equation:

4. Ppju becomes the steady-state solution with surface condensation / drying,

b. in the time constant 1/t = n, the ventilation rate n must be replaced by
the equivalent ventilation rate, defined above,

c. the integration constants have to be calculated with either pj; = p’'yj.
the saturation pressure on that condensation surface, or with pyy = pir,

the inside vapour pressure at the start of drying.

Example

Suppose all walls in the living room of the Zolder dwelling are finished with
wall paper, d= 0.28 mm. Wall surface: 51 m2, from which 36.51 m? outside wall
and 13.73 m? inside wall

Paper characteristics: a.d = 0.0120 kg/m?; 2= 29426 m/s (incl. 1/8;)

Room volume 2 79.9 md

Ventilation rate . before recrrofitting 1 h?

afrer retrofitting 0.25 h-l
Inside temperature :17.9 °¢

Starting conditions : pip = Pmo ™ Pe

The TIME CONSTANTS become:
BEFORE 1/t; = 1 ht i 1/t = 2.91 bl 1/t; = 5.81 hl

AFTER  1/t; = 0.25 b1 3 17T, =2.91 bt ; 17ty = 5.81 h-1

INSIDE VAPOUR PRESSURE . see fig. 4.26

On the figure, the solution without hygroscopic inertia, no condenmsation, no
drying, is alsc given. The storage effects are clearly present, leading to a
positive difference in inside-outside vapour pressure, over all the day. The

effect is more pronounced after recrofitting, with a low venctilation rate,
then before.
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.figure 4.26 Stepfunction in vapour production
Before (1) and after (2) recrofitting, Bygroscopic influence

.4.11.3.3.2 CASE 2.2

VAPOUR PRODUCTION AND OUTSIDE VAPOUR PRESSURE OSCILLATING WITH PERIOD T
(= HARMONIC SOLUTION}

.Ihe harmenic sclution gives a good understanding of the hygroscopic inertia by

introducing two easy to understand quantities: the attenuation factor AT and

time lag . With 1 hygroscopic surface, AT and ¢ are given by:

1 1 1 1 2.1 12 2. 1 0.5
O -l e G
@
N | T [—i; —t—a . (2—";#]]

. T oty

with T: the period
.More hygroscopic surfaces complicate the expressions, with for each surface
two extra time constants. An analytical solution nevertheless remains
.possible.
.Also becween cthe hygroscopic surfaces themselves and the inside air, we get an

attenuation factor and time lag. In formula:

2.m.T, 2.7m.tq
AT = 1 + (—— )2 p = atp(~———)
T T

Both uncouple to a (restricted) level the inside RH and the wall surface RH.
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Example (]

Suppose there is an oscillating moisture production in the Zolder dwelling.
living room, with a mean value and an amplitude of 120 g/h, maximum peak at 15

h. As the daily mean inside temperature, we have 17.9°C. The outside climal:e.
is given by: 4, = 0.7°cC; ¢, mean = 84 5%, ampl = 5.0% peak at 11 h.

The 36.51 m? of outside wall and the 13.73 m2 of inside wall are papered,.
either as described in the step function example or, with a thicker textile, .
d= 0.8 mm, characreristics: a.d = 0.0312 kg/m?; Z = B4627 m/h. On the floor,
there are either tiles or carpet. The tiles are non hygroscopic, the carpet .

has a pronounced suction activity, with: a.d = 0.3 kg/m?; Z = 21626 m/h

The outside wall has a temperature ratio 0.73. .
ATTENUATION FACTOR AND PHASE SHIFT FOR THE INSIDE VAPOUR PRESSURE @
before retrofirting (n = 1 h-1): AT @ (h)
no air inertia 1.00 0.0 .
no hygroscopic inercia 1.03 1.0
walls papered, tiles 1.13 1.9
walls textiled, ciles 1.67 3.9 .
walls textiled, carpet 3.08 5.1
afcer retrofitting (n =0.25 h1): .
no air inertia 1.00 0.0
no hygroscopic inertia 1.45 3.1
walls papered, tiles 2.05 4.0
walls textiled, tiles 3.44 5.1 .
walls textiled, carpet 9.18 5.9
ATTENUATION FACTOR AND PHASE SHIFT FOR THE VAPOUR PRESSURE AGAINST THE
HYGROSCOPIC SURFACES, COMPARED TO THE INSIDE VAPQUR PRESSURE .
before and afrer retrofitting (n= 1 h-1) AT e (h)
no hygroscopic inertia 1.00 0.0
walls papered, tiles: outside wall 1.00 0.2 .
inside wall 1.00 .2
walls textiled, tiles: outside wall 1.20 1.6
inside wall 1.11 1.2 @
walls textiled: wall (TF=1) 1.11 1.2
carpet 1.36 2.1 .
HYGROSCOPIC MOISTURE EXCHANGES (g) before retrof. afrer retrof.
no_ hygroscopic inertia 0 0 .
walls papered, tiles outside wall 112 230
inside wall 32 64 .
walls textiled, tiles outside wall 164 298
inside wall 50 90
walls textiled, wall (TF=1) 98 124
carpet 362 478 .
INSIDE VAPOUR PRESSURE: fig.4 27 .
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.T example shows that;

- hygroscopic inertia may become impertant, with significant amounts of

vapour sucked and released by the active surfaces;

- with high hygroscopic load, the zonal reaction shifts more and more to a
steady-state response, coupled to the mean wvalues of vapour production
and outside vapour pressure;

- very hygroscopic surfaces generate a not unimportant attenuation factor
and time shift between the surface RH (¢s) and the air RH (4;). Through
that, the use, on instantaneous basis,of the simple formula

de= di. (P'3/P"s)

with p*;, the inside saturation pressure and p', the saturation pressure at

the surface turns out to be wrong.

@:.:.3.3.3 casE 2.3

.ALL PARAMETERS VARIABLE

.All paramerers variable means: outside temperature, inside temperature,
ventilation rate, vapour production, number of active condensation surfaces,
surface temperatures...varying with time.

In thermal non-steady-state conditions, it is much easier to shift from the
vapour pressure as the dependent variable to the RH's. To solve the system of

.l zonal hygric and k hygrescopic surface equations, only a FDM- approach is
left, e.g. a mean differences solution {Cranck-Nicholson scheme). In that
case, one gets per time step a system of pseudo-linear equations,given by

. (written for 4 hygroscopic surfaces):

Ay -Ajp ~Ap; "Abt. 'Aélu ¢y By
“Az Az O 51 Bz
Ay 0 Azz O 0| . |de| = |Ba
-Ay O 0 Ay O $sn By
-Asy O 0 0 Ags s4 By

with (k=2,3,4):
n. At 462 .T; . At

4
App = {1+ + - LE(BLADT E(B AT Plar)
2 2.V 1
462.T;. 8. Ag.p' axe. AL p’ie. AL P’ ske- AL
Ay = [ ) Ay = [—] Agg = [ + Cn]
2.v 2.2¢ 2.2
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n.At 462.T; . At

4
By = {[1- - O [B(AA DY E(B.AD)])]). Plio. dio
2 2.V 1
462.T;. ot « B.A¢.pP'skn-sko
+ - (= } + (0 .A;.p s5) ]+ n.pa.at
\ 1 2
462.T;.Gy. bC
+ }
4
P'10. $i0-8C P’ k0. AL
By = [(—) - $axo. (- G}
2.7, 2.7,

In these equations, all quantities, except the RH inside and at the
hygroscopic surfaces, are averaged over the time step At., The system has to be
solved for each time step. Condensation/ drying control is coupled to:

Y/N condensation: p'j, < > p'yy

Y/N drying : amount of condensate on surface j = 0

4.4.3.4 THEQRETTCAL APPROACH 3

all material froperties constant (= linearisation of (4.36)), the whole wall
hygroscopically active (second order approximation)

We restrict the second order approach to the harmonie solution of the hygric
balance for thermal steady-state conditions, the vapour production and the
outside vapour pressure being periodical functiens of time and no surface
condensation/ drying going on. In that case, the conservation of mass equation
on a zonal level can be written, for each harmonic, in complex form (bold =

complex number):

462.T,.G, 462.T, 2.x
————+n.p,+t —— . EGy = (n+ j. —). ps (4.41)
v v 1 T

with j: the imaginary unitK

T: the perlod of the harmonic.
In (4.41), G, stands for the barmonic component with period T of the vapour
flow between the hygroscopic surface k and the zonal air.

On the surface, G; is given by:

Pe
Gsk = Ak'( - ad‘k‘ Pl) (4.42)
Dgx
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with Dg: the dynamic diffusion resiscance of wall k for the considered
. harmonic ]
ady: the vapour admittance of wall k for che considered harmonic

Both complex wall properties follow from the steady-state periodic selution

. for composite flat walls, of the partial differential equation:

d4p; a.N.g 3 p;

® 9et  py 8t

‘Merging (4.41) and (4.42) and solving the resulting equation for p;

. gives the complex result:
n.pe + 462.Ti.GP/V + 462.T; . Z(Pe.Ax/Dg ) /V
Pi ~
[ ] ' n + 462 T, E(ady.A) /Y + §.2.2/T

For a period of 1 day, the dynamic diffusion resistance is mostly so high,

that pe/Dg = 0, reducing the equation to:

n. + 462 ,T,.Gu/V
® .- Pe akid (4.43)

n + 462.T;. 5(adg. AV + ].2.7/T

.On a monthly or yearly basis, the dynamic resistance term is best taken into

account, .

The vapour pressure against a hygroscopic surface k follows from the
.combination of (4.42) and:

Gax = B.Ac. (Pi-Psx)

. and phase shift:

In (4.43), the divider stands for the complex artenuation factor, amplitude:
462 .T; 2
AT = [ n + ——— Z(ad, . A .COS ©aa) ]
v

2.t 462.T; z{0.5
+ [ — + ——— F(ad,.A,.5in pany) ]
T v

n + 462.T;.Z(ad, . A,.c05 @u)/V
. @ = atn [ ]
2.%/T + 462.T, . T(ad, . A .51in By ) /V

. In the equatrions, the number of surfaces k is unrestricted.
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Example 1

let's go back to the lumped parameters periodic steady-state Zolder dwelling
living room example. All parameters have the same value, except that, only the
case of papered inside and outside walls is considered,

The outside wall is composed of (from inside to the outside):

layer thickness p-value a-value
cm - kg/m?
wallpaper 0.028 80 <43
Eypsum plaster 1.5 5.5 70.9
rickwork 18.0 15 0.6
cavicy 6.0 0.3 0.008
brickwork 8.5 5.5 ¢.6

The inside wall is composed of (from in- to the other side):

layer thickness p-value a-value
cm - kg/m3
wallpaper Q.028 80 A3
%ypsum plaster 1.5 5.5 70.9
rickwork 9.0 15 0.6

ATTENUATION FACTOR AND PHASE SHIFT FOR THE INSIDE VAPOUR PRESSURE

before retrofirting {(n= 1 h™%) AT ¢ (h)
no air inertia 1.00 0.0
no_ hygroscopic inertia 1.03 1.0
walls papered, tiles 2.32 1.2
after rerrofitting (n= 1 h1)
no air inertia , 1.00 0.0
no hygrascopic inertia 1.45 3.1
walls papered, tiles 7.10 1.5
HYGRCSCCOPIC MOISTURE EXCHANGES (g)
before retrof. afrer retraof.
no hygroscopic inertia .0 0
walls papered, tiles
outside wall 428 55¢9

INSIDE VAPCUR PRESSURE: see fig.4.28

This example shows that the lumped parameter approach, only rtaking into
account the finishing layer, underestimates the hygroscopic attenuation and
vapour exchange but overestimates the phase shifrt,

According to the second order vapour exchange results, the lumped active

thickness should have been the wall paper + the inside 1.2 mm of the gypsum
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plaster... However, an important conclusion remains that, on a daily basis,

.only a few inside mm of the wall's thickness act as the active hygroscopic

capacity. All layers deeper in the construction have no influence. Statements
like ‘bricks for the cavity wall give a better inside vapour pressure

. attenuation than concrete blocks' have nothing to do with reality.

. Example 2

.The same calculation as above has been redone on a yearly bhasis, supposing a
constant vapour production of 120 g/h, a constant inside temperacure and a

.mean outside vapour pressure of 1100 Pa, with an oscillation amplitude of 430

Pa, maximum value end of July.

ATTENUATICGN FACTOR AND PHASE SHIFT FOR THE INSIDE VAPQUR PRESSURE

before retrofitting {(n= 1 h-1) AT v {h)
. no air inertia 1.00 0.0
ne hygroscopic inertia 1,00 1.0
walls papered, tiles 1.04 365.3
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Figure 4.29: Harmonic response on yearly basis

afrer recrofitting (n= 1 h-1) AT v (h)
no air inertia 1.00 0.0
no hygroscopic inertia 1.00 4.0
walls papered, tiles 1.15 730.0

HYGROSCOPIC MOISTURE EXCHANGES (g) )
before recrof. after retrof,

no hygroscopic inertia 0 -0
walls papered, tiles
outside wall 36350 32578 !

INSIDE VAPQUR PRESSURE: see fig.4.29

The high vapour exchange shows that on a yearly basis the whole outside wall
acts as hygroscopic capacity, resulting in a time shift of some weeks in
poorly ventilated dwellings. Thar fact may explain why in real world
situations the late year period gives more mould and surface condensation
preblems than the springtime..:the phase shift emphasises the inside - outside

vapour pressure differences during these autumn months.
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. H,4.3.5 THEORETICAL APPROACH 4

. all material properties variable, the whole wall hygroscopically active
{second order approximation)

. The solution has to be sought in a FDM- or FEM approximation of the governing
1 zonal and k wall surface differential equations with, for each time step, an
iterative solution of the resulting system of non linear algebraic equatioms.

. Possibilities are:

. The response factor merhod [20)

Response factors are pre-calculated values of the hygroscopic response of a
.construction part, using Z-transfer functions, associated with an inside
. vapour pressure excltation. However, the factors are depending on moisture

content and temperature and have to be defined for each single step in both.

. Once calculated, the advantages of using the factors are:

. - valid for any pattern of moisture production,

- relatively easy to implement in existing programmes (they are calculated

in an independent module);

.A frequency response concept [21)}

lThis is similar cto the harmonic response, discussed under assumption 3.

.used to calculate the admittance and dynamic resistance functions. These

Because of the non-linearity of the equations, a FEM- or FDM- method has to be

depend of the excitation signal.
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4.4.3.6 EXPERIMENTAL APPROACH 1

Fraunhofer Institut fir Bauphysik, Stuttgart-Germany [10]
(Dipl.-Ing. H.R. Kinzel)

Calculations with a single zone hygric model, using 2 approaches for the
moisture sorption of furniture and walls, were compared with measurements of
the RHh-change, induced by' a vapour production step, in 2 rooms, one not

hygroscopic and one with papered gypsum board walls.

bygroscopic models
1n the first model the moisture sorption of [urniture and walls is treated as
a vapour capacitance in parallel wich the air storage, given by:

d p; 1 Ay

P
G = (Ss5y). —— 8y = ———.— (ay.dg)
dt 462.T; prs

with G : the total vapour flow

Ag: the area of hygroscopic surface k,

ay: the slope of its suction curve

dy: irs active thickness.
In the second model the diffusion equation for each wall is linked to the
zonal hygric balance in the same way as described in the theory above., The

material properties for each wall layer may be RH- dependent.

erjime validati

With both models, the influence on the RH of an injection, during 3.5 h,, of
200 g of water vapour, measured in 2 rooms,volume 40 m®, wall area 50 m2, the
first with walls and ceiling covered with aluminium plates, the second with
walls and ceiling finished with gypsum board with textured paper, beth with
plastic flooring and variable, but monitored ventilation rate, was simulated.
Room 1 was used to adjust the ventilatjon rate in the calculation scheme. With
that racre, model 2 gave for the hygroscopic room 2 a calculated RH-course, in
good agreement with the measured values.

Model 1 overestimated the inertia effects: see fig.4.30. With model 2, some
example calculations were performed on a room with severe moisture production,
showing the damping effects, compared to no suction inertia, and rthe

arttenuation of the RH against the walls, compared to the air RH: fig.4.31.
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Above: Comparison of the measured and wlculated course
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figure 4.30
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.4.4.3.7

Cauberg-Huygen, The Netherlands [11]
. ir. J.L.C.L. Boot, ing. A.N.J. Plomp

EXPERIMENTAL APPROACH 2

.'I‘he influence of an increasing number of hygroscopic active surfaces in a room

on the RH-change, coupled to a step in vapour preoduction, was measured.

Test room
An ordinary ollice room on the 3th floor of an ollice building, lecaraadsingel

.70, Rotterdam, floor surface 12 m? and wvolume 35 m?, was equipped as test

yoom. Three situations were studied:

- empty room: all walls, floor and ceiling covered with plastic foil (70.35 m?)
finished room: 10.3 m? wool carpet on the floor, 4.2 m? cotton curtains at
the windows
furnished room: the finished room with 1 seat, 4.5 m?2 of developed
surface, 1 chair, 2.1 m? of developed surface and 1 newspaper bag, 0.2 m?

of newspaper surface.

Meagsurements

- heating the room from 18 to 25 °C (n =~ 0.07 h-1);

- measuring the course of the RH when going from 40 to 65 % by evaporating
some 600 g/h of wvapour (n.- 0.07 h1, no surface condensation);

- evaporating 280 g of wvapour (n = 0.07 h'!, no surface condensation,

production flow: 600 g/h).

He ing results, di ion (See fig.4 - fig.4,34

These figures show the increasing suction influence from empty to furnished,

with the greatest step from empty and finished. However, also in the empty
.situation, with plastic foil all around, we see on the 40% to 65X RH graph a

greater hygric inertia than only the air wvolume. If only that was important,
.the production time should have been 16.5' instead of 22', proving that non

hygroscopic layers (here some 70,35 m? of PE-feil) in fact adsorbe water
. molecules at the surface.

.The measurements may be translated into material properties and diffusion

surface film resistances.
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.From the respective RH- decreases and the vapour release by the foil, foil +
carpet + curtains and foil + carpet + curtains + furniture, we get as a.d-

values (a= the slope of the suction curve, d= the active thickness):

.- Ad (L) Am (g} a.d (kg/m?)
Empty room 17.5 31 .00252
Finished room 12.5 50.4 .0278

o Furnished room 10.5 16.5 10232

.Putting these results into the lumped parameter equation for the 40X = 65% RH step

measurements, gives ag diffusion resistances 'suction surface = room’ (Z):

. {time const) (s) Z-value (.109) {m/s)
. Empty room 51420 (no suction, n = 0.07 h-1)
Enpty room 68027 2.24
Finished room 122100 0.37
. Furnished room 123760 0.29

.;Jhile the values, found for carpet, curtains and furniture fit rather well
with the diffusion resistance expected (l/8;+2/(p.d.N), B; = 0,039.10°% a
0,11.10°° s/m), for the PE-foil, Z is * 60 times higher than expected with the
water vapour adsorbed at the surface and only the surface diffusion resigcance
left (Z= 1/8, = 0,0386.10% m/s). At the other hand, and contrary to the

.finished and furnished situation, the solution of the lumped equatien for a.d
for the PE-foil, looks rather insensitive to the Z- value: shifting it from

.2.2£a.109 m/s to 0.036.10% m/s only changes a.d from 0.00252 to 0.0021 kg/m?2 but
is of major influence on the next two steps,

The a.d-values for the carpet+curtain and for the fu].jniture fit well with the

.values,found in the KULeuven,Laboratorium Bouwfyca research, described below,

4.4.3.7 EXPERTMENTAL APPRCACH 3

Test set up and measurements

.In the Fago- experiment, the vapour flow into blocks of cellular concrete, due

TU-Eindhoven, Fago [20]

to a sinusoidally varying vapour pressure in a climate room, was measured by
continuous weighing che blocks. The results were compared with the

.theoretically expected moisture uptake/ release, calculated with a method,
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very close to the harmonic one described under 'Theoretical approach 3°. Major
difference is that the quantities found by the harmonic solution are turned to
a capacitance and conductance value, used to feed a first order model. The
material properties, needed for the harmonic calculations - the vapour
resistance factor u and the hygroscopic constant a ~, were determined from a
cup test (86 %- 75%) and a sorption isotherm measurement:

p= 9.4 £ 0.4; a= 25 + 11 kg/m?

ea in, digcussi Se i 4

The figure compares the measured with the calculated mass flows. The
calculations were done with two values of the diffusion surface film
coefficient: 3,1.10°9 s/m and 6,2.10°% s/m. The figure shows that the effective
diffusion surface film coefficient lies in between, but differs from test to
test. JIt's influence on the mass flow is very important. Or, &8 better
knowledge of § is necessary to come to more accurate predictions.

The same holds for the macterial properties. Here, a direct measurement of the

vapour effusivity, given by {a/(up.N.p’))% 3%, could be an interesting choice.

measured
mass flow to

for/h} 0 re

g
gl
I
|

r-l
Nla

Lo b4 0 Q0
predicted mass flow (gr/h)
—_—

figure 4.35; Comparison of measured and estimated mass flow rates.
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.ln A58 EXPERIMENTAL AVPPROACIL 4

. KU- Leuven, Laboratorium Bouwfysica [13]

’i.h.S. 8.1 Introduction

Twoe programmes have run: measuring the BH in an office room with very high

ygroscopic capacity and measuring the lumped parameter appreoach time constant

.of wall paper

.4.4.3.8.2 RH in a room with high hygroscopic capacity
It concerns a rectangular office roem, V = 45 m?, carpet on the floor, sound
absorbing ceiling + 27 m of filled book storage. The room is used by 1 person
.froru 9.00 to 12.30 and from 14.00 to 18,30 h. RH: see fig.4.36.

The RH- course is,in spite of the periodic vapour load,a straight line...

.4.4.3.8.3 The lumped parameter approach time constant of 6§ types of wall paper.
Measuring method
The time constant is calculated from the hygroscopic moisture uptske when a
0.0l m? sample of wallpaper, glued on a vapour tight, non hygroscopic EPS-
layer is moved, under isothermal conditions and after Ssuction equilibrium is
.reached, from a box at RH x to a box at RH y. The weipht increase or decrease

is measured with an electronic precision balance, accuracy 0.01 g.

HEHEHNR

: L. il Al ds L !

I il )
P Ay

.Figure 4.36 Hygrothermograph reading in an office room wich high hygroscopic load
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Lumped parameter equation
With a wvenrilation rate 0, the hygric equilibrium in the box and at cthe

wallpaper surface can be written:

BOX: SURFACE:
Ag. B Ay c'y A, .8 . Ay c'y
(D +—2 & Y.cy- m e — - —cp + (D + Yom o= D
v ANRY Z'.V.a v Z! L' .a
L J | —
/vy 1/t 1/t;
with A, : area of the saturated salt surface in the box
B, : the diffusion surface film coefficient above the saturated
salt solution
v the box volume
Ay @ the sample surface
2" : the lumped diffusion resistance of the wall paper
Cy, @ the vapour concentration in the box .
cy . the equilibrium vapour concentration of the saturated salt,
¢’y the saturation vapour concentration in the wall paper
m : the mass flow to the wall paper.
It can be proven that, if 1/t,>>1/t; and l/t,>>l/ty - the situation in the

tests - the solution of the system for m simplifies to:
m=m . (l-exp(-c/ty)}
or ln[(my-m)/my] = -r/ty
with m,: the equilibrium moisture uptake in the box with RH y.
This equation allows the calculatjon of the time constant from a linear regres-

sion analysis on a semi logarithmic plot of 'logged weight increase vs time'.

e ts

WALL PAPER TIME CONSTANT 1/t3 (s)

RH-step: 33254 54=75 75=85 85=98 98=85
textile 1 3205 3682 3857 6374 19600
vinyl 3364 4692 4692 4644 21465
textile 2 3625 3585 3714 6020 13914
struct, vinyl 3278 4020 3924 4674 12020
paper 1 2802 2608 2718 4495 16708
paper 2 2664 2694 2599 5554 15257

The results show that:

- between 33X and 85% RH, for the 6 wall papers, 1/t is rather constant;

- between the 6 kinds of paper, the difference in 1/ty- value is limited;

- drying goes on much slower than wetting: drying from 98% to 85% RH gives
a 2 to 4 times higher 1/t; value than wetting from 85% to 98% RH

That last conclusion can have enormous consequences in dwellings with a high

mean RH: once moist, they remain moist for a fairly long time..
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4.4 4 The effects of steady-state vapour diffusion through the envelope
. on the hygric balance

.In non-steady-scate, diffusion has to be counted with the hygroscopic inertia.
In steady-state, the hygroscopic capacitance effect reduces to a constant
diffusion flow through the envelope. In all steady-state hygric balances

.discussed, this flow was omitted. That simplification is acceptable if
diffusion only represents a minor transfer mode, compared te ventilation and

.surface condensation. Suppose this 1s not the case. The exact steady-state

.mass balance becomes:

n.vV.pg Aj n.V.p;
Gt ——= « b (== (pp)] - == 0
® 462,V Tz, 462 .V

pe + 462.Ti.Gp/(n.V) + 462.Ti.E(Aj.pj/Zj)/(n.V)
1 + 462.T, E(A;.py/Z;)/(n.V)

@or: »; -

.with A;j: the surface of each zonal envelope part.

.As far as no interstitial condensation or drying takes place, p; is the
outside vapour pressure for an outside envelope part and the vapour pressure
.in the adjacent zone for an inside part. Z; is the diffusion resistance of
these parts.
If interscitial condensation or drying goes on, p; is the saturation pressure
.in the condensation/drying plane and Z; the diffusion resistance inside-

condensation/drying plane for these parts.

Diffusion influences may become real if:

- the ventilation of the zeone is poor;

the diffusion resistances of the envelope parts are low;

- the outside vapour pressure or the vapeur pressures in the adjacent rooms

(p;) are low.

Diffusion has seme real influence on the zonal mass balance, only in the rare
.cases that a very vapour open envelope is constructed.

This means, that the loved concept of breathing walls, putting an active
.influence of diffusion through the envelope on the zonal hygric balance as

granted, has no physical base.
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Example:

the Zolder case study living room.

Source Book

Suppose a vapour production of 120 g/h and a ventilation rate of 0.3 hl. If

we take the vapour pressure in all adjacent

outside wall a cavicy wall,

m/h, no interstitial condensation,

surface 36,5

then the

(Be= 9.8 °C, pe= 1100 Pa, 4;= 20 "C):

Pi =

1100(=p,) + 679(~ Gp-influence.) +

rooms equal to the living room, as
m?, diffusion resistance &,66.108

yearly mean vapour balance becomes

48.8(= diff.)

1 + 4,43.10°2

= 1750 Pa

Omitting diffusion, we get p;~ 1779 Pa, i.e., a difference of 1.7%.

Let’s think the cavity wall replaced by a timber framed construction, without

vapour barrier nor inside paint. In that case, interstitial condensation seems

very likely,

and the diffusion resistance from inside ro the condensation

plane falls to ©0,34.10% m/s. Inside vapour pressure: p; = 1524 Pa. Compared to

1779 Pa for diffusion not raken into account, i.e. a difference of 16.7%.

CHAPTER &4 :

MODELLING: HYGRIC ASPECTS

PAGE 4.75




.IEA AwNEX x1v "CONDENSATION AND ENERGY" Source Book
.A.A.S The influence of the latent heat of evaporation

During condensation- evaporation latent heat of evaporation is released or
taken up. Through that, as scon as hygroscopic meisture content changes,
.surface condensation or surface drying starts,the temperature at the surface /
in the envelope part changes. This change, a rise during moisture uptake /
condensation and a fall during moisture release/drying, influences the heat

. losses, the moisture flows...etc.

.Example

.To emphasise the importance, let's compare winter condensation on single and

double glazing with and without taking into account the latent heat reality
.(ae= 0°C, pe= 550 Pa/ 6;= 20°C, py= 1500 Pa):
. SINGLE GLAZING DOUBLE GLAZING

no latent heat effects:

@® . (o 5.1 12.4
cond. flow {g/(m2h)) 52.1 5.5
heat flow (W/m?) 119.5 60.8
latent Jheat effects:
6.7 (+31.4%) 12.6 (+ 1.6%)
. cond flow (g/(m2h)) 43 .4 (-16.7%) 3.7 (-32.7%)
heat flow (W/m2) 136.7 (+16.9%) 61.5 (+ 1.2%)

.The conclusion is that the effect is not unimportant and should be

incorporated in an overall Heat-Air-Moisture (HAM) approach.

@-
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Chaptexr 5

MODELILING: combined heat, air and
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5.1 INTRODUCTION

This chapter is devoted to combined modelling of heat, air and moisture (HAM)

transport. Of these three, the thermal and hygric balances have already been

discussed separately in chapter 3 and 4.

The importance of HAM- models is obvious: the hygrothermal behaviour of

buildings is in fact the result of a complex interaction between the heat

balance, the air balance and the moisture balance. A computer model can be a

powerful tool to achieve a better understanding of these complicated combined

processes, l.e. leading to moisture preoblems and mould growth in buildings. On

the other hand: a thorough knowledge of buildings physics is needed to create

these computer models.

The main objective of this chapter is to discuss the capabilities of combined

HAM models. The specific objectives are:

- te discuss the need for combined Hear, air and moisture (HAM) modelling
in buildings

- to identify the application areas

- to identify the potential users of HAM models
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to introduce a classification of HAM models in order to recognize the

different levels of detail in modelling

to describe (briefly) the HAM transfer mechanisms to be modelled

to present Tthe state-of-art of HAM modelling

to review the capabilities of existing building models

to review input data needed for HAM model calculations

to review information from field studies in order to identify the most

relevant parameters in practice

to present the analysis of a parameter study in order to identify the

most relevant parameters for HAM model studies

5.2 WHY COMBINED HAM MODELLING ?

. 5.2.1 Building physics and building models.

.During the last decades it became increasingly common to develop computerized
building models for different purposes. Many aspects of building physics
involving Heat, Air and Moisture transport and sometimes lighting are
considered in them. Existing building computer models range from simplified
calculations ro extensive main frame simulation programmes. Most building

.simulacion models address a specific application area of the building physics

field. Examples are:

- prediction of indcor climate in association with heating and cooling

loads

prediction’ of solar gains through windows and other passive solar

components

air infiltration phencmena

daylighting and artificial lighting

HVAC system behaviour in relation to other building components

air flow patterns and ventilation efficiency

Most of the existing building simulation models treat a limited number of
these aspects. Because more and more computing power is becoming available at
lower costs it is ‘expected that the development of combined modelling,

including HAM, will not be hindered any longer by computational constraints.

CaapTER 5 : MODELLING: GOMBINED HEAT AIR AND MOISTURE TRANSPORT PAGE 5.2



IEA Anvex xtv "CONDENSATION AND ENERGY" SovrRcE Book

5.2.2 HAM interactions

Indirect interactions and diregt interactions can be distinguished.

Indirect interagtions occur because the Heat, Air and Moisture balances in a

building are interrelated. For example a change in the ventilation rare will

not only affect the indoor air humidity but also the heating demand.

Direct interacrions occur when a transfer mechanism of one of cthe three

components in HaM depends on the other. There are several phenomens in which

such interactions occur, for example:

- evaporation and condensation of water vapour are related to the heat
balance;

- the temperature gradient in a room is ane af che driving forces for the
air movement;

- temperature differences between different zones will cause buoyancy
effects leading to interzonal exchange of heat, air and water vapour;

- material properties are not constant but depend on temperature and
moisture content;

- in addition teo the suction gradient, the temperature gradient in a solid
structure can be a driving petential for meisture transport.

HAM medels can be combined in different ways and with differcent levels of

complexity, depending on the purpose and the type of problem.

3.2.3 Combined HAM models and the Annex XIV task

During the Annex XIV study it became clear that several HAM- phenomena can
lead to moisture problems in buildings. With respect to moisture behaviour

four different type of problems can be distinguished:

A. Heat, Air and Moisture transport through building structures;
Interaction indoor climate - building structures, in particular wicth
respect to the thermal and hygric inertia;

C. Alr infiltration and interzonal air transport phenomena and, in
particular, the accompanying airborne moisture transport;

D. Air movement and air flow patterns in a single zone and, in particular,

the accompanying airborne moisture transport,
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It will be clear that each of these items requires a different type of model.
It is convenient co have this in mind, when considering HAM- modelling.
Therefore, to facilitate further discussions, a general classification is

incroduced.

5.2.4. A general HAM model classification

Based on the four items mentioned and with the Annex objectives in mind, we
are able to introduce four model categories. They are visualized in the
diagram of figure 5.1. For each category, the general purpose and the Annex
XIV specific purposes is formulated (tabel 5.1). Some explanations have to be
made here in respect with the air transport component in HAM modelling:

- Model categories B and C assume a complete mixing of the air. Therefore
the air mass can be represented by a single parametet for each zome in
the HAM- balances. In contrast to this, the model categery D uses a grid
to compute the air flow pattern.

- Nowadays, some advanced simulation programmes in category B  have
incorporated some type of air infiltration models from category C. It is
expected however that stand alone air infiltration programmes will still
find many application areas. It is therefore convenient to consider these
models as a separate category.

- To avoid confusion, a clear distinction must be made between a full air
infiltration model {C) and the ventilation c¢.q. air infiltration terms in
the heat balance in category B. A full air infiltration model uses a set
of non-linear equations to model the combined thermal stack and wind
pressure effects.

- One should realize the large difference in detail between € and D
category. Category C programmes run on small PC-type computers, category

D requires a computer with a large computing power and qualified

operarors.
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. MODEL CATEGORIES  GENERAL PURPOSE ANNEX XIV SPECIFIC
. PURPOSES
CATEGORY A: to predict, 1. to predict
. evaluate or ana- surface condensation
BUILDING lyze the hygro- on building structures
STRUCTURE thermal performance 2. to ealculate
. MODELS of building moisture content of
structures surface layers
. CATEGORY B:
BUILDING to predict indoor 1. to predict indoor
. (ENERGY) climate in humidity (regarding
STMULATION association with thermal and hygric
MODELS heating and inertia)
. cooling loads 2. to calculate surface
temperatures
. CATEGORY C:
AJR INFILTRATION/ to predict air 1. to calculate
. VENTILATION exchange rates ventilation rartes
MODELS and interzonal 2. to predict
air transport interzonal airborne
. moisture transport
. GATEGORY D:
AIR FLOW to predict or 1. to predict or
. MODELS analyze air flow analyze airborne
patterns and the moisture movement
. calculation of the in one single zone
ventilation 2. determine the
efficiency moisture removal
. effectiveness
. TABEL 5.1: General HAM model classification
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5.2.5 Potential users of HAM models

The potential users of HAM models are practitioners and researchers

It is important te realize that the model requirements might be quite

different for both groups. The practitioner is directly invelved in che

building process., His knowledge can be important during the different srages:

design, construction and operation & maintenance For those, there is a need

for tools to understand the building physics phenomena he has to handle. Im

general, such tools should be very simple but accurate enough to make correct

and quick decisions. In relation te the 3 stages mentioned, the following

categories of tools can be identified: design tools, evaluation tools and

diagnostic tools. More specific but still general examples are:

- In early design work one needs tools to select an optimal solution from
many options

- In evaluation work one needs tools to check the performance of a design
or to test whether it meets standard requirements

- In diagnostic work one needs rtools to predict the effectiveness of

proposed solutions

In contrast to the practitioner, the researcher needs a higher level of
complexity to study the HAM phenomena in more detail. In general much more
time and costs are allowed to define the problem and to do the computations.
Complex models can be of great help to develop simplified tools for the
practitioners. Other purpeses for researchers to employ complex HAM- models
are:

- the establishment of standards and rules for building codes;

- to achieve a better general understanding of HAM- phenomena;

- to perform pavamerer studies;

to generate guidelines with respéct te quality control in building and
HVAC design;

- research studies in connection with new building concepts (e.g.

innovative materials, structures, installations, etc.).
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‘_3 CLASSIFICATIOR OF HAM MODELS AND LEVELS OF COMPLEXITY

‘.3,1 HaM model categories

.Ia: has been nored already that HAM models could be used for quite different
urposes. The various application areas are so different that the development
.opf a single, general purpose, HAM simulation model would lead to a very
.:omplex thing, that could require an enormous amount of effort. On che other
hand, existing building models might be quite capable of solving HAM problems.
.in some cases, only modifications might be needed to match the reguiremencs

for a specific HAM problem. The essential features of the meodel categories of

5.2.4 are:

BUILDING STRUCTURE HAM MODELS.

The general purpose of these models is to evaluate the thermo-hygric
performance of cthe building envelope. Many models are devoted to typical
elements such as wj.'qdo'ds, roofs, cavity walls, ground floor constructions
etc. In general, envelope part models could be employed for purposes like
the prediction of interstitial condensation or rising damp. Only a few,
described in the literature, are true combined HAM models in the sense
that they consider all three aspects of Heat, Air and Moisture transport.
Most models in this category are not within the scope of Annex XIV report

"and they will not be considered in further detail here.

HAM BUILDING SIMULATION MODELS

The main purpose of building simulation models is to predict the indoor
climate and the heating and cocling loads. To dchieve this, the thermal
characteristics of the building elements are calcgulated and a term for
the air exchange component in the heat balance is included on the level
of each zone. Most models are based on hourly calculations and take into
account most aspects that influence the heat balance, 1like solar
radiation, internal heat sources, occupant behaviour, ete. In engineering
practice, building simulation models are used for the design of HVAC
systems and its components. HVAC system simulations have been extensively
studied within the framework of IEA Annex X "System Simulations". The HAM
capabilities with respect to Annex XIV are considered in more detail in

the mext paragraphs.

@0 0000000000000
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VENTILATION / AIR INFILTRATION MODELS.

The main purpose of this category is to predict ventilation rates and air
transport between zones in buildings. In general these models are based
on solving the air balance equations for a building zone. The essential
feature of air infiltration models are the use of air flow rate equations
for openings. These equations describe the relation between air flow race
through an opening and rhe pressure difference over the opening. Wind
pressure effects and temperature induced "stack effects" are taken inte
account. The use of air infiltration with respect to moisture problems is

discussed in more detail in 5.4.3.

AIR FLOW MODELS

The models in this category are capable of calculating the air flow
pattern within a building zone. Such models are based on the numerical
.50lution of the flow equations for two or three-dimensicnal turbulent,
buoyane flows, taking inte account the heat exchange with the surrounding
walls. Sophisticated software and a large computing power is needed to
solve the equations. The capabilities of such a computer programme are

shown in one of the next paragraphs.

.2 Levels of detail

Building models can be classified into a wvery wide range of levels of

complexity. An overview is achieved by considering the following aspects:

modelling the outdoor envirenment;

distributed or lumped modelling of heat and mass transfer;
splict or combined surface coefficients;

1-D, 2-D or 3-D modelling;

single zome or multi-zone modelling;

steady-state, transient (dynamic) or quasi-transient modelling (or in
other words: modelling of heat and moisture storage};

the heat and moisture transfer mechanisms;

madelling the air exchange or air transport;

modelling the HVAC system and the interaction with the building;
modelling HVAC control systems;

simulation of occupant behaviour;

the numerical schemes used to sclve the HAM equations.
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.5.3.2.1 Modelling the outdoor environment

The outdoor envircnment can be described in terms of air temperature, relative
humidity, ground temperature, sky temperature, wind velocity, wind direction,
.solar radiation, etc. Depending on the desired complexity level of the
building model, annual, monthly, daily or even hourly climatic data mighrt be
needed, Details of terrain and surrounding buildings might be necessary for
.certain models, for example to compute the solar lecad or to estimate wind

pressure coefficients.

. 5.3.2.2 Distributed versus lumped equations

.Spatially distributed or lumped equations are used to define the HAM- transfer
characteristics in solid structures and air. In a distributed calculation, the

.solid or air domains are discretized intc small elements. In a lumped
calculation the physical properties are represented by a single parameter or
field variable.In most HAM models beth concepts will be used simultaneously,

.For example, in a model for thermal bridge calculations, distributed equations
are used for heat transfer by conduction, where indcor and outdoor air

.temperatures are represented as lumped variables. Many other combinations
might be possible. For example one could combine distributed heat transfer
calculations with lumped moisture transfer calculations.

.Ic is clear that distributed modelling requires more sophisricared software
compared to lumped modelling. On the other hand the necessary input data for

.lumped model parameters might not always be available. Simulations using

distributed modelling can be helpfull to find these missing data.

.5.3.2.3 Split or combined surface coefficients

.Heat transfer by convection and radiation at wall surfaces can be modelled in
different ways with different levels of detail. The simple-st way is to use a
fixed and combined surface heat transfer coefficient. This is generally done

.in Category A models, where lumped equations for convective and radiative heat
transfer are acceptable., Building simulation models in general have the

.ability to use split surface coefficients, which can be done in different

ways:
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a. fixed convective and fixed radiative coeftficients
b. fixed convective coefficients and computation of the radiation balance

(e.g. by using view factors and exchange factors)

c. as b. bur using temperature dependent formulae for the convective
coefficient
d. both convective and radiavive transfer are computed (this option requires

an Air Flow Model)
Options a., b. and c. are widely accepted in building modelling work. Option
¢. is a sophisticated one, subject of scudy in IEA Annex XX "Air Flow
Patterns”. Surface coefficients are of cruc131- importance for mould and
surface condensation computation (see chapter 3, Modelling: thermal aspects).
With respect to the diffusion surface film coefficient the situation is less

complex. There is only one transfer mechanism: convection.

5.3.2.4 1-D, 2-D or 3-D modelling

Distributed equarions can be defined for one- two or three-dimensional HAM
transfer phenomena. For envelope calculations (Category A) there is a need for
2-D and 3-D models (e.g. cthermal bridges). Building simulation models
{Category B) in general use 1-D equations to represent building elements. Air

flow calculations require at least 2-D equations, but 3.D is desirable.

3.3.2.5 Single zone or multi-zone

Multi-zone models perform the same calculations for two or more building zones
simultaneously. Multi-zone calculations are of interest for the study of HAM-
interaction between zones. This is relevant for the B and C model categories.
Twe kind of multi-zone problems are of importance for Ammnex XIV: the influence
of heated zones on unheated ones (bedrooms) to evaluate temperature levels in
the unheated parts with regard to condensation risks and the problem of

airborne moisture transport from one zone to another.
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.5.3.2.6 Steady-state, transient or quasi-transient modelling

.ln a steady-state calculation all wedel variables are considered Lo be
constant in time. This implies that heat and moisture storage are neglected.
.For many purposes the use of steady-state is satisfactory.

have to be solved and, in additien, one has to handle much more input and

Transient (or dynamic) models are much more complex. Time-dependent equations

.our,put data., The modelling of heat storage is straightforward and well-known,
However, modelling moisture storage 1s very complex, in particular in

.combination with heat transfer. Simplified models are needed for different
levels of detail: see chapter 4,hygric aspects,

.An alternative way to consider storage is the wuse of quasi-transient

.modelling. The output of a transient model is then used as an input variable
for a steady-state model. An example is given in 5.5.2.1, whevre the simplified

.crawl space 1is described. From a Annex XIV viewpoint, transient models are

.5 .3.2.7 HAM- transpeort mechanisms

The fundamental heat transport mechanisms are well understood and the

important because effects of thermal and hygric inertia play an essential role

in moeisture phenomena.

mathematical equations straightforward. For the heat balance in a building
.specific aspects should be considered:

- radiative heat exchange with outdoor environment;
.- solar radiation on exterior surfaces;

- solar radiation through windows;

- internal heat sources (people,lighting,apparatus);

- heating and ccoling by HVAC systems;

- heat storage in building structures.

.See also chapter 3, modelling: thermal aspects.

.Moisture transpoert is much more complex. It occurs both in the air and in
.solids. In the air domain moisture exists as vapour, and the transi:aort

mechanisms are: vapour diffusion and air movement. In solids moisture
&ransport occurs in all three phases. It can be attributed to at least nine

different mechanisms, as shown by Kerestecioglu[9]. Generally, in building
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physics only three transport mechanisms are considered: vapour diffusion
transfer (driving potential: vapour pressure gradient), capillary moisture
transfer (driving potential: suction gradient) and sirborne moisture transport
(driving potential: air pressure gradient)

Other important moisture aspects in combined HAM modelling are: convective
vapour transfer at surfaces, condensation-evaporation, hygroscopic moisture
storage, meisture sources, control of humidification-dehumidification in HVAC

systems. For more information, see chapter 4, modelling: hygric aspects.

5.3.2.8 Combined HAM modelling and HVAC systems

Heating, ventilation and air handling systems can supply or extract Heat, Air
and Moisture to or from building Zzones. In mild climates, heating only is most
common, so, modelling HVAC interactions is less relevant. In hot and humid
climates, however, humidification and dehumidification are used to control the
indoor climate. This is the reason that much work on combined HAM modelling
has been done in the USA (1. Combined medelling is also considered within IEA

Annex XVII (z27.

5.3.2.9 HVAC control

HVAC control modelling becomes relevant if temperature or humidity control is

the cricical process with respect to mould and condensation phenomena (s].

5.3.2.10 Occupant behaviour

Simplified models concerning the simulation of occupant behavieur are

discussed in the chapter on "Boundary conditions".
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5.4 STATE OF THE ART OF GOMBINED MODELLING

5.4.1 Examples of general purpose models.

Here, some examples of HAM computer models from different categories and with
different levels of detail are discussed briefly. The aim is to give
information about the state-of-art of HAM models, in particular with respect
to mould and condensation problems. Most of the examples refer to work from
the Netherlands. This gives a representative overview, because most of
development work has been done within the framework of internmaticnal research
programmes, Special efforts were made to collect additional information frem
Annex XIV participants. For each of the model categories A - D, an example is
given and the capabilities with respect to combined HAM modelling or moisture

phenomena highlighted.

5.4.1.1 A thermal conduction model with HAM extension

The principles of heat conduction are reported in the chapter 3. Many computer
programmes governing these principles have been developed and several are
available on a commercial basis. Below a description is given fer the model
TH3DR, in which some combined HAM features have been implemented.

The TH3DR programme is an extended version of the chermal model TH3D, which
was originally developed [33] as a general purpose programme to solve 3D
steady-state and transient conduction problems. The main application area has
been in the field of thermal bridges. The TH3D belongs to category A, envelope
rwodels. The extended version TH3PR however should be considered as a category
B model because of its capability of computing indoor climate parameters. To
achieve this, some subroutines were added. Using these, an internal space is
defined inside a 2D or 3D distributed solid structure. The internal space is
confined by the surface elements of the conduction model. Temperature and
humidivy of the air are considered to be uniform. A subroutine is added to

calculate its Heat, Air and Moisture balance.

heat balance i
- radiative heat exchange between surface elements;
- convective heat exchange between each surface element and the internal air;
- heat loss by ventilation;

- latent heat exchange by condensation or evaporation at the surface elements.
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moistu bala includes:
- moisture production;
- condensation or evaporation;

- moisture removal by ventilarvion;

To solve the combined HAM equarions an iterative procedure of two nested
iteration sceps is followed. In the first step the temperatures in the solid
domain are computed. This yields estimated surface temperatures, used in the
second Sstep to solve the heat and moisture balance for the internal space.
From these equations the air temperature and humidity are computed. The heac
fluxes at the surface elements are also computed and used as boundary
conditions for the first iteration step. The process is repeated until the

desired accuracy is achieved.

53.4.1.2 Applicacion example of the TH3DR model.

The model has been used to study the dynamic hygrochermal behaviour of
different types of crawl spaces [33], with the aim to compare the energy and

meisture performance. Several technical options were considered, like:

- floor insulaciom;

- insulation of the foundation elements;

- insulation on the crawl space botrom;

- different types of vapour retarders on the crawl space bottom;

- crawl space ventilation.

Evaluated were: the air humidity in the crawl space, the heat loss through the
floor and the thermal bridge effect near to the facade. The study resulcred in
the development of a simplified crawl space model, described in 5.5.2.1.

THIDR can be used for other Annex XIV related purposes, for example: combined
(dynamic if desired} calculations of 1indoor climate and thermal bridge
interactions or thermal bridge calculations using split (radiative-convective}

surface coefficients
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figure 5.2: combined heat and air transport calculations, using a two zone
model in VA 114.

. 5.4.2 Building simulation models (category B).

. Numerous building simulatien models have been developed, widely wused
pregrammes are: ESP, Suncode, BFEP and VAll4. ESP is an energy simulation
. programme developed at the University of Strathelyde [18], running on
mainframes or workstations. It is accepted as a reference tool within the EC
passive solar research project. ESP was alsc used in the parameter study of
. 5.8, Suncode is a programme to analyze passive solar options, It was used in a
HAM parameter study undertaken by the FRG participant in Annex XIV [11]. valla
. is developed in the Netherlands by TPD-TNO and VABI [32]. It is the updated
. multi-zone PC-version of the VA32 programme, widely used in the Netherlands
during many years, BFEP is a building simulation subroutine set developed at

. the University of Delft.

5.4.2.1 Application areas for HAM simulation models

HaM building simslation programmes have a very wide application area. In

. engineering they are used as a tool for energy and indoor climate analysis

during the design of buildings and their installations. Some typical
applications related to Annex XIV are:

. a. The study of the influence of heated zones on the temperature in unheated

zones (bedrooms), with regard to condensation risks. This requires a

. multi-zone model.
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b. The study of airborne moisture transport from one zone to another in
combination with heat transport. The problem is schematically illustrated
in figure 5.2. A combined simulation model is requived, including air
infiltration. The programmes VAli4 and ESP have this capability.

¢. The compututation of wall surface temperatures {not on cthermal bridges)
in dynamic conditions, related to the indoor climate (indoor humidity and
temperature). This requires a model with split (radiative and convective)
surface film coefficients. The simulation should compute radiative heat
exchange between wall surfaces, This is especially important to judge the
influence of cold surfaces (like windows).

d. The study of options in HVAC design with respect to humidity control in
relation with aspects mentioned at ¢. This requires a simulation model
that handles HVAC modelling.

e. The study of the effect of hygroscopic meisture starage in wall surfaces
and furniture. This requires a model that considers moisture storage.

Various principles are described in the chapter 4 on molsture modelling.

5.4.3 Air infiltration models (category C).

A number of computer models have been developed to calculate air flow rates in
buildings. An overview is given by the AIVC [13]. Most of these models are
based on a nodal network, in which the nodes represent discrete volumes of air
at a certain atmospheric pressure. Internode connections are resistances,
representing the distributed air leakage openings. This leads to a system of
non linear equations, which can be solved iteratively, when the driving forces
are known. The driving force for air uvransport is a pressure difference,
evoked by: mechanical ventilation, wind or/ and temperature differences
(buoyancy or stack effect).

To use an air infiltration model the following input data are required: wind
speed data, wind pressure coefficients, air leakage coefficients for building
components. The availability of such data is discussed in 5.6. From the
viewpoint of Annex XIV, air infiltration models are relevant for the
computation of moisture loads in relation to the design and use of ventilation

systems and to the airtightness of building components.
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.Figure 5.3 air infiltration calculations applied to the crawl space
moisture infilrration problem
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5.4.3.1 Example: moisture infilcration from crawl spaces.

The infiltration of moist air from crawl spaces to the indoor enviromment is

an important cause of moisture problems in Dutch dwellings. A study [22] has

been carried out using an air infiltration model. To reduce the number of
parameters a two-zone model was used as outlined in figure 5.3, This figure
alsc shows some results. Important conclusions were:

- at normal conditions the moisture load is proportional to the ratioc of
the airtightness of the ground floor comstruction to the airtightness of
the building envelope (briefly denoted as the “air leakage ratio")

- at certain conditions (for example: no wind and natural ventilation only)
the thermal stack effect dominates and, as a result of this, a large
amount of fresh air supply will pass through the crawl space, leading to
a severe moisture load in the indoor environment.

In general, the air humidity in Dutch crawl spaces is very high because of the

presence of ground water: an excess water vapour concentration of 6 g/m3 with

respect to the outdoor air is quite normal during winter conditions. Even
small air leakages in the ground floor may then result in moisture loads of

the order of 1 to 3 kg water vapour per day.

5.4.3.2 Computation of interzonal moisture transport using an air
infiltration model.

A multi-zone ventilation model is able to compute the in- and outgoing air
flow rates through the air leakages in rthe zone boundaries. It will be shown
that it takes a simple step to compute the Steady-state interzonal moisture
ttanspert rates, as long as no condensation takes place. The basic principle
of this computation is given for a Two-zone example as illustrated in figure
5.4. All incoming air flows should be known. The ventilation model gives the
tetal incoming air flow rate for each zone boundary. Care should be taken not
to add the incoming and outgoing flows. For the simplified case of figure 5.4,
the water vapour mass balance for zone i can be wricten as:

Gaa-Xo * Gpx Mg + Gp = (GaqtGpi ). %y . (5.1
with x, ¢ air humidity ratio in zone e (outdoor) (g/kg)

X; ! air humidity ratio in zone i (g/kg)

Xp ! ailr humidity ratio in zone k (g/kg)

Gae: incoming air flow rate from zone e to zone 1 (kg/s)

Gu' incoming air flow rate from zone k to zone i (kg/s)
p ¢ moisture production in zone i (g/s)
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B R AR A

Figure 5.4 The moiscure balance between two Zones

The computation of ®; is now straightforward:

Ry = (Gap-Ra + Gux. %) /{GagtGar) + GP/<G“+G“)

This equation expresses the moisture load from zone k to zone i as a result of
interzonal air borne moisture transport. It should be clear that more general
equations can be used if air transport between more zZones 1s considered. The
conclusion is that, as long as surface condensation/ drying and hygroscopic
inertia is mnot considered, it is a simple step to compute the {steady-state)

interzonal mcisture transport.

5.4.3.3 Combined air infiltration and thermal modelling

An air infiltration model requires zone and outdoor temperatures as input
data. For multi zone computations, fixed zone temperatures are then used as
boundary conditions. Effects due to interaction with interzonal heat ctransport
are not modelled, However, advanced building simulation programmes are able to
combine a full thermal model with a complete air infiltration model (Note:

that includes at least thermal stack and wind pressure effects):ESP and VAll4,
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Figure 5.5 Compuring flow diagram of WISH-3D Air Flow Simulation medel

5.4.4 Air flow simulation models {(Category D)

Flow simulation techniques predict air flow patterns within rooms. Such
techniques will become increasingly important for the design of HVAC systems.
It is expected that in the near future the field of "computational physics”
will allow researchers and designers te bypass time-consuming and expensive
full scale tests. Flow simulation programmes are available on a commercial
basis. PHOENIX and FLUENT are well-known packages. Cooperation between the
Technical University of Delft and TPD-TNO resulted in the WISH-3D air flow
simulation package {30]. The code is based on the CHAMPION programme. An
important feature of WISH-3D is the addition of a thermal radiation model,
describing the radiative heat exchange between wall surface elements. The flow
diagram in figure 5.5 shows how this has been accomplished,.

Flow simulation techniques are based on solving the equations of conservation
of mass, momentum and energy. This allows the computation of important indeor
climate indicators like the air temperature distribution, the air velocity
distribution, contaminant concentration distribution and thermal comfort

One should realize that air flow simulations require large computing powers

(WISH-3D runs on a Alliant system) and skilled researchers.
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5.4.4.1 Application areas of Air Flow Simulations

General application areas for air flow simulation models are:
- smoke ctransport in buildings

- fire behaviour in building zones

- airborne contaminant transport in clean roonms

- air flow patterns in an atrium with regard to comfort

- displacement ventilation

Development and validation work is done in IEA Annex XX "Air flow patcterns" .
[3]. An example of results, relevant for the Annex XIV work, is given in
figure 5.6. It shows the three-dimensional flow pattern in a room due to the .

combined effect of a heating radiator and the wind pressure induced

ventilation of two opposite vent lighrs. .
With respect to the Annex XIV objectives the most relevant capability of air
flow simulations are: .
a. the prediction of the moisture removal effectiveness of air exhaust

design in relation to room geometrry;

b. the prediction of the water vapour distribution resulting from the .

airborne moisture spreading in a single zone;

"Ventilacion efficiency” is the key term here. Background and definirions of
this term are found in an AIVC publication [12]). Much work has already been .
done in che field of indoor air quality (1AQ), where Lunvestigators urce '
concerned with the control and dispersion of contaminants in air., Comparison
of numerical simulations and experiments have been reported by {7]. It should .
be pointed out here rhat the ultimate geoal of air flow simulations is not to
calculacte reality with all its details. The programmes should be used to .
evaluate different options wunder well defined boundary conditions. A .
comparison can be made with the calculations of chermal bridges. These
computations do not fully simulate the real behaviour of thermal bridges, but .

are made for well defined boundary conditions.
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..Q.S Special purpese and simplified modelling

..4.5.1 Special purpose models

.n the literature several special purpese HAM models have been described. The

‘cature ol such a model is that QL Fits its level of detail to a specilic
Qroblem. This gives less complex calculation compared te solving the problem
.ith a general purpose model . Examples of special purpose models are the crawl

space model (see 5.5.2.1) and a swimming pool HAM model [6].

..4. 5.2 Simplified modelling

'here are several strategies in developing simplified models:

- simplified models based on simplified physical assumptions;
. simplified models based on experimental observations in the field
(empirical models);
- simplified models based on mathematical reduction of complex maodels
. (parameter reduction techniques);

- simplified models based on the results of computer simulations (sometimes
. denoted as correlation methods; regression equations are used to find the

parameters for a simplified model}.

Qimplification strategies for example could be based on translations from
.istributed to lumped modelling, from transient to steady-state modelling,

from multi Zone to single zone, etc.

‘.4.5.3 Simplified crawl space model.

‘Sing simulation results of the extended model TH3DR (introduced in 5.4.1.1)
the simplified spreadsheet crawl space model kruip.wks [0ld,1990) has been
‘eveloped. The purpose of this simplified model is to evaluate different types
of measures for the solution of crawl space moisture problems, It allows the
.evaluation of remedial measures 1like crawl space vencilation, thermal
.nsulation, vapour retarders on the crawl space bottom and combinations of
these. Simplified equations have been used for the Heat, Air and Moisture
.alances. The simplified model is implemented as a utility on Lotus 123,

Comparison between the detailed model (THIDR) and the simplified model is

Caaptik 5 : MODELLING: COMBINED HEAT AIR AND MOISTURE TRANSPORT PAGE 5.24



IEA Awwex xiv "CONDENSATION AND ENERGY" Source Boay, .

outlined in figure 5.7. One of the e¢ritical aspects is the modelliung of the.
hear loss to the ground. In the complex model, the ground is divided into a
large number of c¢ells for which monthly temperatures and heat €flows are
computed, taking into account the large thermal inertia of the ground. In the .
simple model the monthly heat flow through the bottom surface is computed by

the equations:
gq{t) = [he(T)- 9;:(‘:)]/ R-q
335(5) = fann + 8. [fapn- felt- t')]
with averaged heat flux to the groynd (W/m2)
crawl space air temperature ( C)
: equivalent Eround temperature ( C)
¢ equivalent heat resistance of the ground (m2.K/W)
: annual mean outdoor temperature { {)
: monthly mean outdoor temperature ( C)
: damping factor
time (in months)
time phase shift due te thermal inertia of the ground

nnmq.:n"xucbq:..o
L B ] L
gﬂl‘(

In the simplified model the parameters R,. a, and t' are assumed to be

constant. The values are estimated from the results of the detailed model.
T T

i

Tir

bl o e bd

Figure 5.7 Comparison of a complex and a simplified thermal! model for HAM
calculations on crawl spaces
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.5.5 GONCEPTS FOR MOISTURE STORAGE MODELLING

.Modelling the effect of hygroscopic moisture storage in furniture and building
materials is one of the missing features in the HAM models described in the
.'previous paragraphs. Case studies and field experiments, some of them reported
in chapter 4, have shown the important influence on the indoor humidity.
Modelling of moisture steorage is much more complex then heat storage. There
.are several reasons to be mentioned: the non-linear behaviour of hygroscopic
storage, jinput data for material properties not always available, the hygric
.inertia of building components being very high, it requires large computing
times, in particular in combination with the non linearity.
The third item needs some further explanation. A dynamic model will need
.initial values for the “capacity nodes". These values are unknown and depend
on the input data. In building simulation work this problem is overcome by
.starting each simulation with "dummy" calculations during a time period that
exceeds at least three times the time constant of the building. This principle
is based on the assumption that all "capacity nodes” take the proper initial
.values after the start-up simulation. A building simulation requires about 14
days start-up procedure to achieve a thermal equilibrium. A simulation model
.in which walls are represented by a complete moisture storage model would
require much longer start-up period. Computation time could be reduced by
taking larger time steps and by time averaged (e.g. daily averages) indoor and
outdoor climate data. ) -
Another consideration should be that the indoor air humidity on the short term
.(say 24 hours) is influenced only by the moisture stored in & very thin wall
surface layer. Moisture stored in the inner wall and furniture is only of
importance for long term effects. Consequently, a simplified moisture storage
.model as described in chapter 4, representing the hygroscopic absorption and

desorption in the surface layer is quite acceptable for most HAM simulation

.problems.
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3.6 MODEL AND INPUT DATA REQUIREMENTS
5.6.1 Introduction.

A successful introduction of computer models depends greatly on the amount of
effort to make rhem available to others than the original auther. an
appropriate model documentation should meet the following regquirements:

- A users manual {instructions, description of input and output data, test
examples};

A programme description (programme structure, databases if any, numerical
solution metheds)
- A model description (equations used, defaults, assumptions, limitations,

standards used, reference to research reports);

5.6.2 Data requirements

The accuracy and reliability of results from HAM computations are dictated by
the quality of input data. Many complex models give wvery detailed and
apparéntly accurate output data, but the proper interpretation very often
yelies on the availability of reliable input data. Combined HAM models require
different types of data in association with cthe heat, moisture or air
transport component. Input data can be classified into the following
categories:

- Climatic data;

- Building design data and terrain conditions;

- Thermal properties of building materials;

- Hygric properties of building materials;

- Alr leakage data of building components;

- Wind pressure ccefficients:

-~ HVAC system design data;

- Occupancy profiles;

- Intetnal sources,

Many computer programmes are provided with databases. In many cases the data

rely on common socurces of literature or reports (see chapter 1 and chapter 6).

Data on wind pressure coefficients and air leakage are documented by the AIVC
[15].
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.5.6.3 Required level of detail

.The level of detail in computer models will depend mainly on the nature of the

problem. This can be clarified by two extreme examples:

Example 1:

Suppose the problem is to predict the relative humidity in a building to
analyze options for a proper hygrothermal design. For this purpose lumped
and time averaged equations might be quite useful. For many purposes an
analysis on monthly basis would provide the desired information. Ewven

simple hand calculations can be done.

.Example 2:

Suppose the problem is to predict the ventilation effectiveness of a

. ventilation exhaust design in conjunctien with room geometry and

hygroscopic storage properties of wall surface materials. This problem
. would rTequire a 3-D air flow simulation programme that also handles
. surface moisture and indoor air interactions. Simulation of this problem

would require a super computer and many man hours of labour.

.5.7 CASE STUDIES AND FIELD EXPERIMENTS

.5.7.1 The model versus the real world

.The ultimate objective of any HAM building model is to predict or analyze
physical phenomena in  buildings. Modellings, experimentalists and
practitioners should cooperate to test the usefulness and correctness of such

odels. Model develepment should be accompanied by experiments and experiments

should be accompanied by calculations. This may occur at different levels:

- case studies provide information and understanding on what type of
problems c¢ccur in reality and they provide an idea about the most
relevant phenomena;

full scale field experiments are done to study these phenomena in more

detail;
on a smaller scale laboratory experiments might provide more information

under well-contrelled conditions.

® 00
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The statements above refer to the domain of building physics. With respect to
the Annex X1V objectives, the situation is much more complicared bhecanse of
the biological aspects of mould growth. The HAM models discussed in this
chapter consider only relative humidity levels and moisture contents. They do

not predict mould germination, growth and sporulation,

5.7.2 Feedback from practice to modelling

Annex XIV considers mould growth in buildings. HAM models probably can be
helpfull to understand and solve the problem. However, the first step should
be to examine the problems in practice. Many factors may play a role and each
case may differ widely from any other. Two levels of feedback from practice to
modelling can be identified: case studies, in which problem cases are
examined, which may lead to solutions and the testing of these solutions apd
field experiments, in which specific phenomena are investigated experimentally

in realistic circumstances (but not necessarily in a problem building).

5.7.3 Case studies

There are two different aspects of the relation between case strudies and models:

Aspect 1:
From the viewpoint of an investigator, who is' charged to do the case
study, the use of (simplified) models might be of interest to analyze the
problem and make predictive calculations for the remedial measures, he
will propose. Models may also be helpful! for interpretation of meaéured
data.

Aspect 2:
From the viewpoint of the modelling the results of a case study are of
interest for the further development of his model. He might alsc adapt
his model in order to have a better connectien to practical problems.
Case studies also may provide wuseful statistical information fer
modelling purposes, in particular with respect to aspects related to
occupant behaviour. An example is given in figure 5.8, extracted from the
Pijnacker case study [5]. It clearly shows the large difference between

moisture levels in bedrooms and living rooms.
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Figure 5.8 Indoor relarive humidity levels, observed in the Pi jnacker case study

A number of case studies are summarised in Volume 4 of this Annex XIV final

An appropriate evaluation of the indoor climate (both for design as for
a standard reference for indoor climate

the indoor humidity and

For the proper analysis of the indoor c¢limate am insight in hygroscopic

there is need for HAM models,
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5.7.4. Field experiments.

Within the framework of the Dutch participation in the IEA Annex XIV
“"Condensation" field exXperiments have been carried out to study airborne
meisture transport in realistic circumstances, The experiments were done in an
unocccupied 3-story dwelling in Leidschendam. Three institutes (MT-TNC, TPD-TNO
and IBBC-TNC) cooperated in this study. The results have been reported in
detail in a report [Cld,23].

An unoccupied house was chosen to eliminate the disturbing influences of the
occupants. To study the airborne moisture transport several experiments were
carried out with a precisely defined and controlled moisture production. Three
types of moisture generation experiments have been considered:

a, the cooking experiment (using a moisture generation rate of 800 grams in

30 minutes);

b. the shower experiment in che bathroom (shower periods cf 3 to 15
minutes);
c. the wash drying experiment in the attic.

In these three experiments two aspects of the airborne moisture transport have
been monitored in detail:
1. the interzonal airborne moisture transport

2. the internal airborne moisture movement within a single zone

The experiments were done for various conditions in order to study the effect

of the major influencing factors, like open or closed windows, open or closed

interior deoors and the use of the ventilation system. Sophisticated equipment
was installed to collect the experimental data:

- a constant concentration gas tracer (N;0) ctechnique,to moniteor
air infiltration of all rooms;

- a constant generation gas rtracer (SFg) technique, to moniter the air
transport from the moisture source to the room air and to the other
Zones;

- 4 dew-point sensor system to monitor water wvapour concentration in all
rooms .

- a micro mancmeter measurement system to monitor air pressure differences

at the most relevant locations.
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A unique feature in this study was the simultaneous measurement of air
transport and airborne moisture transport by using rthe SFg tracer gas and the
dew point systems. This feature allowed the study of the moisture storage
effects associated with airborne moisture transport. Because SFy is an inert
non-absorbing gas, the simultaneous measurement of water vapour and S5F; gas
tracer concentration permits to derive guantitative information about the
moisture storage effects due rto hygroscopic absorption-desorption and

condensation-evaporation on wall surfaces.

The results show that moisture storage certainly is an impertant factor when
considering airborne moisture transport. The cooking experiments show the most
striking results. If the mechanical ventilation system is not in operation,
56 % of the produced moisture is stored at cthe wall surfaces within a very
shorr rime during the moisture generation period of 30 minutes. 40 % is
released to the indoor air and 4 % is removed by mnatural ventilation. An
experiment with the mechanical ventilation switched on, shows thact still 39 %
is stored at the wall surfaces, 38 % is then released to the indoor air and 22
% 1s removed by the ventilation system. An overview of the moisture balances
for different conditions is shown in figure 5.9. It should be noted that the
moisture removal effectiveness, defined as the ratio of the amount of moisture
removed by ventilation with respect to the amount of moisture produced, does

not exceed 23 % in any case.

During the moisture production large vapour gradients are observed in the
living room. Instantaneous differences in water vapour concentration up te 5
g/m3 have been observed between two remote locations in the living room. The
water vapour equalization process takes several hours, depending on the
ventilation rate. During the equalization period the stored moisture is
gradually released again by desorption or. evaporavion. A more detailed
analysis has shown thatr moisture storage and moisture release occur
simultaneously during the equalization peried. This can be explained by the
phenomenon that wall areas near to che moisture source have been moistened
during the production peak, while wall areas remore from the cooking are still
dry. Apparently, an equalization process of moisture contents between wall
surfaces occurs: moisture from “"wet" areas moves to “"dry" areas by airborne

transport of water vapour,
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MOISTURE BALANCE
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Figure 5.9 Hoisture balances, observed in the Leidschendam experiment

The water vapour distribution during and after the cooking experiment was also
subject of study. The moisture distribution was monitored at nine measuring
positions located in the kitchen and the living rcom. The internal airborne
moisture transport within a single room is not easy to understand. The driving
potential of this type of moisture transport is air movement. Water vapour

diffusion does mnot play an important role. Many factors influence the
distribution of indoor humidity levels:

the removal effectiveness of the extract ventilation (if any);

the amount of dilution by infiltration of outdoor air;

the process of moisture storage and release at the room surfaces and
furniture;

the air flow patterns in the room and associated mixing process.
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.The variety of possible air flow patterns makes it very difficult to predict
quantitatively the airborne moisture movement within a single zone. The air
flow pattern in a room is also influenced by factors as:

.- the type and position of heating systems;

- the shape and geometry of the room;

. the thermal quality of the envelopes;

- the way in which air is supplied or extracted.

.To understand the experimental results a normalization scheme has been used to
present the water vapour distribution. The measured data have been referred Lo
.a reference level, being the maximum room averaged concentration or the
maximum peak level at the ventilation extractor., In this field study it was
.found that the air humidicy peak at the most remote cormer from the cooking
.place was not higher than 30% compatred with the magnitude of the humidity peak

near to the moisture source.

In all experiments the effect of interzonal air and moisture transport was
also analyzed. The results showed that interzonal airborne moisture transport
.appears to be significant only in cases where internal doors between rooms are
kept open during or just after moisture production. An exceptional situation
.is the wash-drying act the attic. Experiments revealed that this is an

important moisture lead to other zones in the house.

.5.7_5 Discussions with respect to HAM modelling

.As shown in the previous paragraph moisture absorption plays a dominant role
in the water vapour distribution in real c¢ircumstances. However, 1t is
unlikely that the observed phenomena will be predicted by available models,
even if they take into account moisture absorption at some level of detail.
Hodels, in which a perfect and uniform mixing is assumed, will give large

.errors when predicting the indooer humidity level for a given moisture
production rate. The problem is that only very detailed modelling could

.predicc the intense absorption rates at wall surfaces near to the moisture
source, A more precise prediction can be achieved if the moisture removal
effectiveness of the ventilation extractor would be known. Such data are not

.available however, even not for an order of magnitude.
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Air flow simulation models, allowing the computation of air fleow patterns, may
be of help to develop a better understanding of the water vapour distribution
in real situations. In addition, experimental data will be needed to support
the simplifying assumptions and teo find realistic estimates for boundary

conditiens.

5.7.6 ¥odel validation:

The word "validation" is often used without a precise definition. In general
it is used in the context of testing the correctness of a model. Many

different validation techniques have been used in cthe past:

- analytical wvalidations: checking the model output against known
solutions;
intermodel comparisons: checking the outputs of two or more models;

- empirical wvalidations: checking the model output against experimencal

results.

Although empirical validation seems to provide the only ultimate truth test
for models, it does suffer from many shortcomings. For a compleX model a true
empirical validation is almost impossible because the output of a model should
be tested for all possible combinations of input data. A more severe
limitation is that the measured data are often incomplete and many parameters
are not precisely known. An empirical validation is even more questionable
when a few parameters are it to measured data. In many cases it is possible
te fit any result to measurement results by varying one or two parameters.
This is of course no real validation test. The problem of model validation is

extensively discussed in a BRE paper [4].
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.5. 8 PARAMETER STUDY

@:s.1 Introduction

.The goal of the parameter study is twofold:

1. Investigate the influence of building characteristics and building use on
. the heat-, air- and moisture-balance of a reference building. This
. implies the use of a heat-, air- and moisture-model for performing the

simulations invelved,

.2. to develop insight into the practical application and method of use of

At present heat(energy) flow and air flow are modelled within combined

combined HAM- models

building energy simulation systems. The moisture models in rhese sysrems are
.ofcen very simple and do not take inte account hygroscopic behaviocur of the
building materials. The procedure in th_is parameter study is to simulate
energy flow and air flow with one model and to use a separate moisture model
with rhe output of the first as input. Computing the energy balance in tandem

with air flow, implies that time-dependent air flow (predominantly pressure

. driven) will cccur.

.Two different procedures are followed:

.1, Combining both time-dependent energy and air flow

2., Eliminating the time-dependent air flow by taking a constant value for
. the infiltration te the building, resulting in an energy flow simularicn
only.

The second option has the advantage that the parameter study is not disturbed
by variations in wind speed and wind direction. It is paramount in this study.
.Several runs of the first option were made to draw a comparison and to develop

insight into the use of combined models, in particular for the interzonal air

flow.
The mcdels used and the variants in the study:

. - thermal model/air flow model: ESPsim & ESPair (ASL 89, Clarke 83)

- moisture meodel: Elan_Hum (de Wit 90)
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The reference building has a two-zone geometry, consisting of a living room
and a kitchen placed behind each other. The separation wall may be removed

{open kitchen) resulting in a one-zone geometry.

The oggupant behaviour comprises three different jitems: temperature control,
ventilation and moisture production. The temperature set-points are the same

for every day and for each room: the first 8 hours of the day 16°C, from 8 to
18 hour 18°C and from 18 to 24 hour 20°C. For the ventilation two different
patterns are used: one relatively constant and one with three extra peaks
during the day. The day averaged amount of ventilation is the same for each
variant, only the pattern differs. The peaks in ventilation and mojsture
produgtjon coincide. The kitchen and the living room have different patterns
for the moisture production: the kitchen with a peaked production and a total
of about 4 kgs/day, the living room with a constant value of 0.1 kg/h from 8 to
24 h. The open kictchen (one zone geometry) has a moisture production which

equals the sum of kitchen and living room.

The ajir tightness of the building envelope is varied by taking a constant
value for the infiltration rate of 0.3 h'l or 0.9 h-l. The used ventilation in
the calculation model is the sum of above mentioned ventilation and the
infiltration. The different jns ion lev stem from the old and new Dutch
regulations: the old with R= 1.3 m2K/W and the new one of R = 2 mZK/W. Also
the distinction between a heavy or lightweight construction is made

For the calculations with the moisture model, the sutrface vapour resistance of
the walls is a parameter. In one case a ‘normal’ construction is used, in the

second the wall finish has been choosen vapour-tight (ud = 0.43 m).

5.8.2. Results

The simulations were performed on an hourly basis over a whole year (8760
hours). The climatic data set used is the reference year developed at the
University of Technology in Eindhoven (V.d.Bruggen- 1978). 32 runs were made
with the thermal model. The outpur has been converted to the input format of
the moisture medel. Then 64 yuns were performed with the moisture model, 32
with and 32 without a vapour-tight finish. In this paragraph only a few
notable results are given. For a detailed report on this parameter study see:
(Pernot- 1990},
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.‘or the presentation of the results, a reference situatrion is chosen and

several variants are shown with respect to the reference. The reference is the

itchen (closed kitchen) with the following assumptions:

heavy construction type;

isolation;.
airtight building envelope;

ventilarion pattern relatively constant:

wall finish vapour-tight;

.It is Iikely that in this situation condensation will occur.

.The variants that are compared with the reference are:

1.

o000

The influence of the geometry, no hygroscopic material; this means that
the volume of the kitchen will be increased by removing the separation
wall with living room (open kitchen geometry). In fact two effects play a
role: the increase of air mass (volume of kitchen + living room) and an
increase of the ventilation /infiltration compared with the kitchen only
(reference).

The influence of the moisture permeability of the wall finish by removing
the vapour-tight surface finish.

The influence of the infiltration, by switching from ‘tight' to 'open’
building envelope. This means that the infiltration rate is raised from

0.3 h't to 0.9 h!

Presentation of the results

In the top figures the cumulative frequency distribution is shown for the

.hourly values of the relative humidity over a whole year. The cumulative

frequency distribution of the difference between the daily maximum and minimum

value of the relative humidity is also indicated. This gives insight into the

daily variation of the relative humidity. The bottom figure shows the critical

temperature factor for condensation.

.This is defined as:

By, - 0
Thier = —— (5.1)
El - ge

.with 04,0 dew-point temperature of the imside air
[
a

outside air-temperature
;inside air-temperature

4.

1
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Figure 5.10 Effect of open geometry
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Figure 5.11 Influence of the vapour permeability of the wall finish
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Figure 5.12 Influence of the vencilation
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Figure 5.13 Influence of coupled air flow on the living room
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.‘1‘he temperature factor is delined as:
Osure - 0n ,
. ™ — (5.2)
ﬂi - he

.with B sure: the surface temperature

.If Thi,er » Thi condensation will occur. The figures concerning the critical
temperature factor indicate if and for how many hours condensation will occur
.in a comparable situation, once the temperature factor for a «ctypical

construction is known.

.Comparing the varianrs

.l'he firsc variant: influence of the geometry

.Figure 5.10 shows the resulis of the f[irst variant, the relerence (the worst
case) giving high relative humidities and a high value of the variation of RH
.over daytime. The influence of the open geometry is very clear: a better
.sil:uacion arises both for the relative humidity and the critical temperature
facror. The resulting situation lies between the rtwo distributiens for the
.reference (kitchen) and living room, as indicated in the figure. In the bottom
figure there is no contribution for the living room. The model predicts zero

ours of a critical temperature factor above (,7.

The second variant: influence of the finishing layer

Figure 5.11 shows the results of the second variant. The influence of the
.ﬂoisture permeability of the wall finish results in less wvariation of the
relative humidity over daytime. The relative humidity is not higher than B88%.
.There will be less condensation. as is shown in the diagram for the critical

.temperature factor.

.l'he third variant: influence of ventilation

.Figure 5.12 shows the results of the third variant. The influence of the
ventilation results in a better performance of both the relative humidity and

.:he critical temperature factor.
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OLher variants

Of course it is possible to combine situations to get a configuration with the

Lbest performance. Here, only one typical resulu is given and the possibilities
of the models are indicated: Interzopnal air flow.

The above simulations have been made without a coupling of the zones in a
sense of air transport. One situation has been looked at with the interzonal
air flow taken Inte sccount, HNext results velate Lo the [Tirst oplion ag
defined in the introduction. Air flow simulations were made with the model
ESPair. Figure 5.13 shews the cumulative frequency distribution of the
relative humidity and critvical temperature factor for the living room for both
the interzonal and nen-interzonal air flow case. Figure 5.14 shows the
comparable situation for the kitchen. For a clear comparison the infiltration
air flow (outside air) is made the same - on average - as in the interzonal
air flow case. This yields for the living room an infiltration wvalue of 0.1
and for the kiechen ©.08.

If the incerzomal air flow does mnot exist, than the living room gets only
outside air (which will contain less moisture than the living room air) and no
extra ‘wet’ air from the kitchen. This will result in a better performance
compared with che interzonal air flow situation. The reverse applies Ffor the
kitchen., With no interzonal air flow this =zone gets only outside air
(containing less meisture than the kitchen air) and no extra 'dry’ ailr from
the living room. This will result in a worse performance of the kitchen
compared with the interzonal air flow situation.

This expected change in behaviour of che two zones can be seen in the figures.
These indicate the difference in predicted behaviour, caused by the difference
in approach. The interzonal air flow situation is likely to be the most

realiscic.

5.8.3 Remarks

This parameter study indicates that the ventilation/infiltration and surface
moisrure storage are the most important parametors of those covered in this
study. In the case of the open kitchen two effects play a role: the increase
of air mass (volume of kitchen + living room) but also an increase of the

ventilation/infiltration compared wich the kitchen only (reference). These two
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.effects give an important decrease in the number of hours of ecricical
.temperal:ure factor as is shown in figure 5.10.
Combining HAM models turned out to provide valuable information on the dynamic
behaviour of the room with respect to moisture transport and condensation
.risk. The work is laborious because of the great amount of information that
must be converted to match the input of the following programme. A lot of
bookkeeping is required to store all the information properly. To overcome
these problems the moisture model should be incorporated in the energy
simulation programme. This weuld also result in a better performance of the
.combined simulation because thermal effects are involved when condensation

oCcCcurs,

.The validity of the moisture model lies between 20 and 80% relative humidity.
This implies that the results give reason for criticism if the relative
.hurnidity level exceeds 80%. Also the effect of the hygroscopic material is
influenced by the changing physical properties at high relative humidity
values (de Wit 90 [34})). The figures indicate that relative humidity is
.occasionally 100%. At the time® that this parameter study was performed, the
moisture model did mnot yet take condensating vapour on constructions into
.account. In reality these high relative bumidities will seldom occur. In this
study they are mainly caused by a very pessimistic input e.g. the moisture
production is assumed to mix completely with the kitchen air and is not

.partially extracted by ventilation close to the source.

.In real situations, a seasonal effect may play a role. During most
simulations, the ventilation rate is the same for every day throughout the
year. It is likely that in summer time the ventilation rate is bhigher than in
winter time. It might be interesting to investigate the dependence of the

frequency distributions on the season.

It turns out that the distribution of the c¢ritical temperature factor is a

sensitive indicator for changes in performance. This is clearly illustrated in

.figure 5.13.
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Chaptexr 6

BOUNDARY CONDITIONS

Authors:

W. Raatschen
DORNIER GmbH, Friedrichshafen (FRG)

H. Erhorn and Z. Herbak
Fraunhofer TInstitut fur Bauphysik, Stuttgart (FRG)

6.0 INTRODUCTION

Mould on building components is, apart from the insulation and building
quality factors involved, depending on the boundary conditions: temperature
and relative humidity of the outside air and the wind speed, influencing the
inside surface ctemperature, cthe air change inside the building, and cthe
preloading of the supply air with humidity. Inside, it is the user who affects
the indoor air temperature, the amount of moisture emitted and, of course, the
air change rate, the last by manipulating the ventilation openings. Room
furnishings influence the heat and moisture balance; heating and ventilatien
systems affect the temperature distribution inside the rooms.

In this last chapter, rhe boundary conditions will be dealt with in greater
detail.

6.1 Moisture Balance of a Room

Humidity conditions inside a room are described by means of the relative
humidiry or the absolute humidity x* [g/kg] or ¢ [g/m?]. In building physics,
it is generally the relative humidity that is considered; in investigations of
heating or ventilation systems the absolute air humidity is used (see chapter

4, modelling: hygric aspecrs}.
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.6.2 .1 Steady-State Conditions

The relative humidity in steady-state conditions in a room presents an
equilibrium determined by the vapour balance. The water wvapour produced
.inside a room (by respiration of occupants, flower plants, coocking, bathing
and other water evaporating processes) is added to the moisture, contained in
the supply air. As long as there is no surface condensation, the total amount
of wvapour is discharged back to the outside by the exhaust air (As shown in

chapter 4, diffusion doesn’t play a big role in this).

. 6.2.2 Non-Steady-State Effects

In non-steady-state, there are sorpcion effects caused by moisture
fluctuations, which have to be taken into account in addition to the above
.mencioned moisture balance portions. Depending on the actual sorption
behaviour of walls and furnishings, short-term moisture peaks can be buffered.

The moisture will be re-released as soon as the indoor air humidity decreases.

6.3 Influence of Inhabitant Behaviour

Occupants have a major impact on the indoor climate. On one hand, humans are a
source of pollutants (€0, odours, and moisture), on the other hand they can
control the indoor enviromment when feeling uncomfortable. Humans are not
sensitive to all indoor contaminants. Far example there is no perception for

.COz or CO and only a weak sensitivity to wvery high humidities. The perception
of odours is only well functioning for changes of odeour intensity (e.g. when
entering a room). Occupants respond to room temperature according to their
degree of activity and clothing. Therefore occupant behaviour varies very much
and is difficult to tackle and to express in mathematical functions.

. The interesting guestions with regard to mould and surface condensation are:

- how hiigh are room temperatures in practice;
. - how high are ventilation rates in practice;
. - how high is the humidity preducrion in pracrice.

. In answering these questions, one can differentiate between rthe kind of rooms

{living, functional, and sleeping rooms), between the seasons and climate
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variations within a day, between attitudes of ocoupants Ltowards enerpy
savings, between social status and habics. ..
In the framework of the IEA-Annex 8, ’Inhabitant Behaviour with Respect cto

Ventilation', it was tried to answer some of these questions.

6.3.1 Vapour Production Rates in Rooms

Depending on the individual occupants habivts, more or less water vapour is
emitted in a room, according to the actual degree of physical accivity; a man
alone releases between 40 gs/h and 300 g/h of water vapour every hour. The
activities most frequently performed in dwellings will result in a person-
related moisture production of about 90 g/h. In bachrooms, the amount of
moisture produced is reported in [7] to be about 700 g/h when taking a bath
and approximately 2600 g/h when taking a shower. These emission rates
correspond well with newer measurements. [30) gives production rates during a
shower of 3 resp. 15 minutes duration of 200 resp. 800 g. During cooking
processes and other household activities, kitchens experience a moisture lead
between 600 g/h and 1500 g/h. The daily average amounts to about 100 g/h.
Flower plants and aquaria are also contributing to the indoor moisture load.
For instance, plants are evaporating practically all the water supplied; at
the most, only 0.2% of this water can be used for growth. Small potted flowers
emit between 7 g/h and 15 g/h of vapour; a medium-sized rubber plant yields
between 10 g/h and 20 g/h.  Although these quantities appear quite
insignificantly at firsc sight, their additive effects must not be
underestimated.

Another moisture source are drying precesses in dwellings. Even wet laundry
that has been spin-dried at full speed still emits between 10 and 50 g/h (per
kg dry laundry). Laundry should cherefore always be dried in thoroughly
ventilated rooms. In Table 6.1 all common moisture emitters present in
dwellings have been compiled.

The relevant technical literature (see [3] through [12]) has been screened for
moisture leads in dwellings of various sizes. These figures have been
collected in Table 6.2-6.5. The average values for moisture loads are
presented for a household without children (Table 6.4) and for a household
with two children (Table 6.53). During the déy, the moisture production 1is

subject to pronounced variations.
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1ight activity

30 - 60 g/h

e.g. waterlilies
(Nymphea alba}

Human beings medium activity 120 - 200 g/h
hard work 200 - 300 g/h
bath about 700 g/h

Bathroom shower * 2600 g/h

: cooking and working 600 - 1500 g/h

Kitchen daily average 100 g/h

Potted flowers 5 - 10 g/h

e.g. violets (Viola)

Potted plants 7 - 15 g/h

e.g. ferns

(Comptonia asplemifoliia)

Medium-sized rubber plant 10 - 20 g/h

(Ficus elastica)

Aguatic plants & - B8 g/h

Open water surface

about 40 g/m?h

e.g. spruce trees (Picea)

Young trees (2-3 m) 2 - 4 kg/nh
e.q. beech trees (Fagus)
Full-grown trees (25 m) 2 - 3n'/h

Dry laundry spin-dried 50 - 200 g/h
(4.5 kg) dripping wet 100 - 500 gfh
Table 6.1: Moisture in dwellings emitted by human beings, plants, drying
processes, bathroom units, according to [7].
Cuarter 6 : BOUNDARY CONDITIONS PAGE 6.4
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Author Reference Households with
no chilg 1 child 2 children 3 children
BH Bau {3} i
BRE [4] 5 - 10
BS 5250 [5] 14 .4
OGtz/Le Marié {8) 7 20
Erhorn/Gertis [71 14,86
Ldbke [8] 13.2 19.9 3.1
Heyringer [9] 11.5
Panthauser et al, {101 5 - 12
Pfeiler [11] & 10.5
Stehno [r2) 4,3 13.7
Average* 8.2 12.1 14.1 14 .4

“ Average values indicating a range are based on lower tiatting valyes.

Table 6.2:

Compilation of rates of daily moisture loads in dwellings (kg/d)
as indicated in the relevant literature.

Households

Moisture emission rates

no children & kg/d = 350 g/h
ene chiild 12 kg/d « 500 g/h
with two children 14 xg/d = 580 g/h
::;ec;?:gren 15 kg/d = 630 g/h

Table 6.3: Total quantities of moisture

CHAPTER 6
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@
@
o
. Persons Total amount of mafsture L m
present [g/dwelling] per h
. E:\Te Number Persons Cooking |Personal ¥ashing [g/dwig]
hygiene

. 1 2 120 - - - 120

2 2 120 - 120
@ 2 120 . 120

4 2 120 . - 120
. 5 2 120 - - - 120
. 6 2 120 240 360 . 720

7 2 120 240 350 - 720
. 8 - . - . .

g . . .
® . . : :

11 - - - . - .
. 12 - - . . -
. 13 - . - - .

14 . - . - -
® . :

16 - - - . -
o 17 - . .
@ 2 120 : - - 120

19 2 120 480 240 -  B4D
. 20 2 120 480 240 - 840
. 21 2 120 - - 120

" 22 2 120 - - 120

. 23 2 120 - - 120

0 2 120 - - - 120
. L per day 1680 1440 " 1200 4320
@
.Table 6.4 Moisture emitted in a family of twe, according to f12].
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Persons Total amount of moisture I |
present fg/dwveliing] per h
Time Humber Persons Cooking |Personal ¥ashing [g/dwig]
[h] hygiene
1 4 240 - - - 240
2 4 240 . 240
4 240 - 240
a 4 240 - . 240
5 q " 240 - - 240
(] 4 240 480 720 - 1440
7 4 240 480 720 - 1440
8 2 120 120 240
9 1 60 180 240
10 1 60 720 180 960
11 2 120 1200 120 - 1440
12 2 120 1200 120 . 1440
13 2 120 480 120 - 720
14 2 120 480 120 720
15 2 120 120 240
le 2 120 . 120 240
17 2 120 - 120 240
18 4 240 - - . 240
19 4 240 480 240 950
20 4 240 480 240 960
21 4 240 - 240
22 4 240 - 240
23 4 240 - - . 240
0 4 240 - - . 240
L per day 4440 6000 2400 840 13680
Table 6.5: Moisture emicted in a family of four, according to [12].
CHAPTER 6 BOUNDARY GONDITIONS
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‘.3.2 Ventilation Rates

‘ere we compress the results of IEA-Annex 8 [2].

.Uel ling Fabric

windows in apartments are less opened and for shorter periods (except
bedrooms) than in houses. If opened at all, than only slightly
south-facing rooms with solar gains are more likely to be venrilated than
other rooms;

bottom-hung windows and fanlight windows are opened more freguently than
other types of windows;

occupants, living in single-glazed window dwellings open windows more,
often rto remove condensalion from the panes, than occupants in double-
glazed window dwellings;

windows in centrally heated dwellings were less opened for.long periods
than those in locally heated dwellings, especially in bedrooms. Dwellings
with warm-air central heating are less ventilated than dwellings with
radiator systems. There is almost no window opening behaviour difference
in dwellings with a natural and dwellings with a mechanical ventilation

system as occupants don’t understand how toe use and operate the system.

"the more occupants in a room, the more the windows are opened. In

dwellings, which are left during the day, windows are more likely'to be
closed during daytime{for security reasons) but more opened during
evening and night time; i.e. the duration of window opening over a day is
about the same if dwellings are cccupied continucusly or only at night;
window opening duration in living rooms with smokers is twice that in
living rooms with no smokers; .
occupants with high thermostat sevting open windows less than occupants
with low thermostat setting. Most people prefer bedroom temperatures
below 17°C and keep bedroem windows open during cold winter days;

there is a correlation between the use of a shower and the opening of the

bathroom window.

&ocio— economic Variables

elderly people ventilate less than younger people.

CeaprER 6 : BOUNDARY CONDITICNS PAGE 6.8
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Control strategies

- Survey results

stale air or condensation’

Weather Factors
- there is a linear correlation between the percentage of open windows and
the outdoor temperature;

- there is an inverse linear correlation between the percentage of open
windows and the wind speed

- windows are more often opened when the sun shines

- living

days.

Additional Air Change Rates Due to Occupant Behaviour

- Studies from Denmark,

results

listed

in Table

6.6 are remarkably

similar.

on why people open their windows also include

Source Book

and bedroom windows are significantly less copened during rainy

Belgium and Switzerland have been evaluated.

They show

additional ACR due to occupant behaviour between 0.25 and 0.35 h-l.

Source Country Description ] n,.. _’
{mch)

Kvisgard et at Denmark Single-family dwellings

+ naturally ventilated .32

« mechanically ventilaled .34

S

Wouters and Belgium Single-tamily dwellings 0.31
De Baets Apariments 0.21
Faist et al Switzerland Apartment 0.25

Table 6.6 Comparison of resulcs for the Danish, Belgian ans Swiss projects [2]
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d).B. 3 Room Temperature

s stated In 6.3.2, most peeple preler bedroomw temperatures below L2'C. German
studies learn, that average living room temperatures are more likely to Dbe
.1igher than 20°C, which is the design value in most building codes. In
practice, living room temperatures vary between 20 and 24°C, whereas in

@
Scorland bedroom temperatures were measured as low as down to 0 C.

6.3.4 Air and Humidity Distribution in Buildings

If the interior doors are kept open, rooms with high meisture productien will
influence the humidity levels in adjacent rooms. A very common behaviour of
ccupants is teo open the doors of a room with high moisture production
(especially bathrooms but alsoc laundry rooms and kitchens) to decrease the
.mmidity level in this room. Especially during cold or windy and rainy weather
this is done rather than opening windows. This results in an increase of the

relative humidity in adjacent rooms (see chapter 5).

L
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Heirung f

2 *
Fullbodsn- I
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.
=

.figure 6.1 Room temperature distribution for different heating systems
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6.4. Influence of Heating System

6.40.1 Temperature Stratification

The knowledge of the temperature field in a room is important for the
investigarion of mould problems. Especially the convective surface film
coefficient h,; depends on the air temperature close to the surface, How air

temperatures are distributed, depends on the heating system.

6.4.1.1 Radiator Heating System

Figure 6.1 shows the temperature distribucion as a function of the room height
for a radiator heating system, compared to a floor heating system, It can be

seen that the temperature gradients are substantially bigger with radiators.

6.4.1.2 Floor amd Geiling Heating System

In rooms with floor heating and a room height of 2,65 m the remperature
distribution is pretty uniform [1]. Also under extreme conditions with inside
surface temperatures of external walls of 13°C and average room ctemperatures
of 22°C, the temperature difference is max. 2 "C. The difference with respect
to the room height increases near the exterior walls. Fig.6.2 shows the
temperature distribution with the boundary data and Fig.6.3 gives the velocity
distribution for slightly different boundary conditioms,

In (34}, air temwperature and velocity profiles in a room are investigated for
4 different heating systems, 3 infiltration races and 2 insulation levels. The
results are summarized in Table 6.7. Unfortunately, it is not clearly defined

in the report wherher air, black globe or another temperature was measured.

6.4.2 Operating Modes

The influence of 'night set-back’' on mould occurrence has not deeply been
examined yet. When heating stops and the room temperature decreases, the
relative humidity increases and adsorption starts. When heating starts again
the air humidicy decreases and moisture is released by cthe walls., A dutch

study [30} reported a rise of 0.4 g/m? air humidity due to a temperature

CHaPTER 6 : BOUNDARY CONDITIONS PAGE 6.11
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Insul. Infiltr. floor ceiling floor® floor
of + oo
o Facade h-1 ceiling MU
[ ] +1.0 +1.1 +1.2 +0.8
0.0 22.0 21.5 21.9 22.0
-1.3 -1.0 1.2 0.7
® e 1.4
good 0.7 --- R 21.7 ---
. -1.5
e .4 +1.5
. 1.2 21.6 21.3 21.5 ---
-1.2 -1.7 -1.7
. +1.4 +1.9 +1.2
0.0 22.6 20.9 --- 21.8
. -1.6 -1.8 -1.4
1.1 2.4 1.9
poor 0.7 22.0 20.8 21.2 ---
. -2.0 -2.2 -2.1
+1.6 +2.3 +1.6
(] 1.2 21.4 20.8 211
-2.4 -2.5 -2.4
. * Heating power ratio : 1/3 floor, 2/3 ceiling
. k" " " . 1,2 floor, 1/2 MV (mech. Ventilation)
.Table 6.7: Room mean temperatures with maximum and minimum deviation for

different heating systems, infiltration rates and insularion

. qualirty [34].

increase from 17°C to 21°C; starting at a RH of 35%, the RH after 1 hour was
.305’.. The total mass of desorbed moisture (living room, 93m?) was 40g. These
.values are of course dependent on the wall finishes and the furniture in the
reom,
.Some general remarks are given in [25]. During the night the highest moisture
.production takes place in bedrooms. Most people close bedroom doors at night
for privacy and/or keep windows especially during winter times closed.
.Reducing the rooem temperarure at night lowers the surface temperature of the
exterior walls. These conditions increase the probability that the relative
umidity against the walls gets too high. Se¢, it is important to give special
attention to moisture removal from bedrooms during the night.
Similar effecrs may take place if the bedrooms are kept cool during the day

.and warm moist air from the rest of the house comes in.
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.6.5 Influence of Ventilation System

.One of the causes of mould problems may be poor wventilation. In fact, the
poorer the building's insulation, the higher the necessary ventilatien.
.However,also a well insulaced building needs an adequate ventilation rate.
Most houses are naturally ventilated. Therefore we focus our considerations on

this kind of ventilation strategy.

6.5.1 Natural Ventilation

.6. 5.1.1 Driving Forces

.In natural ventilation the driving forces are: wind and stack effect [26].

.ﬁmi:

Within the lower regions of the earth’s atmosphere the wind is characterized
.by random fluctuations in velocity which, when averaged over a fixed period of
.time. give a mean value of speed and directien.

Wind increases the pressure differentials around buildings and increases che
.air flow through openings. Wind velocity increases with the height above

groundlevel., Therefore, the influence of wind on e.g. a high-rise apartment

flat is bigger than on low rise buildings.
z

Vi)

10m
Figure 6.4 illustrates che effect of wind
. speed on the ventilation rate [35])
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Stack effect:

The stack effect arises as a result of temperature differences and hence air
density differences between the inside and che exterior. This creates a
vertical pressure difference. When the internal air temperature is higher than
the outside temperature, air enters through openings in the lower part and
escapes through openings at a higher level of the building. This flow
direction is reversed when the internal air temperature is lower than the

outside temperature (fig.6.3)

Usey effect:
Occupants may increase ventilation by opening windows, doors or other purpose

provided devices (see paragraph 6.3.2).

6.5.1.2 Component leakage

Timusk et al. [27] investigated moisture problems in timber frame buildings in
Canada, It was not possible to explain mould and mildew occurrence solely in
terms of thermal bridging, twe-dimensional heat flow, hindered air circulation
or lack of radiant heat gain.

The authors proved that additional cooling of wall surfaces resulted from

defects in the sheathing, which allows the wind to penetrate the wall

agulcal

piane

external inlernal
pressure pessute

gragent gradienl (ﬁ_____%
| pressure

Figure 6.5: Stack induced pressure between two vertically placed openings [26]
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.construction in corners where a rapid pesitive- negative change in wind
pressure exists. They concluded that defects in the sheathing-siding system
. permitted wind te blow in and out of the wall cavities without actually

. entering the building.
For this to occur, there must exist continucus inside - outside air passages

. into the wall through the siding-sheathing around the corner.. These continuous

. studs and gypsum board. Similarly, air pressure under the wind ward soffit can

air passages are due to careless installation of the sheathing, to rthe air

permeability of the glass fibre insulation and to shrinkage cracks between

cause wind to blow through the exposed face of attic insulation. Unfilled
. corners between the ceiling gypsum board and the attic joints present passages
with little resistance to wind, In some instances air wvelocities into the
attic have been sufficiently high to even scour away unprotected cellulose
. insulation. Wind-driven snow can alse blow into the attic through the soffit
vents.
.Summarised, the above phenomena were believed to be due, to deficiencies in
the wind protection of the insulation (allowing forced convection to cool the

.weather-side of the gypsum wall board to near-outside temperatures).

Powell at al. [28] showed cthat the influence of air intrusion on the

.performance of porous insulation can be high and decrease the thermal
resistance of a wall substantially. Convective air flows increase the heat
transfer in building envelopes which contain air-permeable insulations and

.therefore decreases indoor surface temperatures. The degradation of the
effecrive thermal resistance of insulation depends on:

. - natural or forced convection

- width of the joints between insulation slabs

- air permeability, density and thickness of the insulation

- width of the air spaces on both sides of the insulation layer.

The authors showed that in many cases a correct application of an air barrier

.reduces significantly the convective air flow, and is effecrive in preserving

.the R-value of the insulation.

.The hygrothermal consequences of air convection in wall structures was
investigated by Ojanen et al. [29] by using a numerical simulation model. The

.main results are:

CuarTeR 6 : BOUNDARY CONDITIONS PAGE 6.16



IEA Awvex xiv "CONDENSATION AND ENERGY" Sourct Book

- Wind-caused forced convection may increase mean heat losses of the corner
area by about 15 %. Here locally heat flux values were even three times
higher than without cenveclion.

- air infiltration causes heat recovery from transmission heat losses.
Under uniform infiltration conditions the calculated warming of outdoor
air through the porous wall can be 90 %Z. The total heat recovery effect,
related to the total heat balance of the room air, may be 23 7.

We conclude that with respect to 'Energy and Condensation’ leakage in wall

structures or insulation materials generally increases heat fluxes and,

decreases surface temperatures, enhancing the risk of mould and surface

condensacion.

Exfileration through gaps, cracks or a porous wall increases significantly the

risk of interstitial condensation.

6.5.1.3 Short Intensive Ventilation

Still, it is often proposed to ventilate a room very intensively for a short
time (open windows etc.) to re-establish good indoor air quality and low
relative humidity with minimal energy losses. To get rid of high moisture
concentrations this is not a good advice. Many tests show that just after
intensive ventilation (windows closed) vapour is released agsin from room and
furniture surfaces with the result that the relative humidity in the room air

is about the same value as before (see Figure 6.6).

L I airiag period
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&

kitchen

Living=room

bedroem
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“epeir twncamtraiian [ gsee3 ]
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e o a T .
Ferw [ rowr ] day i 3384
Figure 6.6 Moisture behaviour due to airing [30]
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. 6.5.1.4 Ventilation strategy

.A possible ventilation strategy to cope with moisture problems and to minimize
energy consumption is adjusting the air flow rates, according te the variation
. in relative humidity in the building zone.
From the point of view of energy conservation {and not yet from an economic
peint of view) an gir vight building with a humidity controlled ventilating
. system, could be a good choice, which should be looked at closer.

6.5.2 Climatic Influences

The impact of the local climate on ventilation is twofold:

- due to outdoor humidity and temperature changes the leakage
characteristies of the building component openings may vary. Especially
affected are timber components which shrink during dry and cold winters
and swell during wet summers;

- as discussed in paragraph 6.5.1 the driving forces of natural ventilation

- wind pressure and stack effect - are largely dependent of the

meteorological conditiens.

.Fig. 6.7 qualitatively shows the infiltration characteristics of a building.
Such & curve is constructed using a numerical model to calculate the
infiltration rate for fixed incremencs in wind speed and temperature, covering

. the climatic range of the locality (graphs and texr partly taken from the Air

Infiltrarion Calcularion Techniques Guide [26]).

—
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air change rale
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\
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i in temgeralure
T
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wind speed 4
Figure 6.7 Infilcration characterjstic [26]
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This approach provides an invaluable aid to the visualizavrion of air
infiltration performance for specific design conditions. By constructing such
curves for different topographic conditions, it is also possible to analyse
the influence of shielding. In addition this approach enables an approxinate
indication of air change rates for a wide range of wind and temperature

conditions.

In practice it is inevitable that certain combinations of wind and temperature
result in too much or Loe litctle infiltravion. Therefore it may be necessary
to calculate the air infiltration rates in a further stage of design process
by derermining the frequency of time intervals for which unsuitable conditiens
prevail. This is possible using statistical climatic data of hourly mean wind
speed and air temperature to produce hour-by-hour frequency distributions of
air infiltration. Typical results are illustrated in figure 6.8 in the form of
a4 histogram and an accumulative frequency plet. This figure also illustrates
how climatic severity infiuences the distribution.

These results may be used ro analyse the extra energy losses associated with
natural ventilation or to investigate the need for controlled ventilation.
According to the maximum allowable relative humidity in a room one can
estimate, how often supply air is insufficient to remove moisture and how
often excessive (unnecessary} air with regard teo moisture production is
supplied throughout a year. To de such calculations, the meteorological data

base is given in Appendix A.
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Figure 6.8: Distribution of infiltration rates throughout a heating season [26]
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.6.5.3 Moisture distribution within a zone

{intrazonal moisture distribution)

The characteristics of the moisture sources are different: intermittent
'release through cooking and showering or other speclal activities, more
uniform xrelease threugh flower plants, aquaria and sometimes cloth drying.
Adsorption and desorption are also generation sources, where adsorptien
.(negati\re generation) can happen quite fast, especially when condensation
occurs, while desorption of a previously adsorbed amount of water can take 10
- 15 times longer [30]. It is proven that the characteristic of the source,
the ventilation system and the heating system influence the intra-zonal
molsture distribution.
@
In naturally ventilated rooms vapour production by sources with low and
uniform release is usually homogeneously mixed throughout the room. Door usage
and the often applied radiator heating premote good mixing of room air. If
temperature stratification occurs, relative humidities may wvary but the
.absolute water content will be about the same, as experiments show [36].
A different ©behaviour is observed with intermittent moisture sources.
Experiments in a dutch living room [30] with open kitchen indicate the

following:

vapour concentration (in mg/m®) decreases with the distance from the
source due to mixing (dilution) and fast adsorption;

vapour concentrations beneath the ceiling are higher, sometimes by a

factor of 2, compared to locations above the floor (measured at the same
X-y coordinates with different height). This is, because water vapour at
the boiling point is much lighter than air and accumulates beneath the

ceiling;

depending on the cperarion mode of the ventilation system and the use of
air supply devices it takes between 2 to 4 hours, before wvapour
concentrations in the room have equalized

if no mechanical ventilation system is in operation, doors and vents are
closed, and an infiltration rate of 0.6 hl is assumed, than the
adsorption process lasts for about 2 hours after moisture generation.

Then a desorption period follows with a duration of & hours
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- with the support of an extract fan, the adsorption and the desorption

process is accelerated.

Similar experiments were undertaken in Germany [31]. In a living room moisture
was generated using an air humidifier. Contrarily to the duteh experiment, the
moisture was mixed with the air and the temperature of the emitted vapour air
mixture was only slightly above room temperature. Relative humidity was
measured at 5 locations in the room. In that case, at all locations almost the
same values were measured, no gradients being found from the floor to the

ceiling or away from the source.

6.5.4 Interzonal Moisture Transfer

Studying the transport of moisture, one has to realize that the airfilow
through an open door, due ¢to turbulence and even small temperature
differences, is relatively high in relation to the flow rates with the door
closed [30]. For instance 1K temperature difference easily causes a flow rate
of approximately 100 dmd/s. With the door closed, in the same situation, the
flow is about 0.5 dmi/s, The flow rate over a closed door due to wind or
mechanical extraction normally is, for imstance with 2 Pa pressure difference
across it, approximately 10 dmi/s. This is of course depending on the air

permeance of the door perimeter joint,

Experiments in [30) reveal that after a 30 min cooking process and opened door
between living room and landing only a slight relative humidity increase was
observed in the landing. The results of a 15 minutes showering experiment (810
g evaporated in a 9.3 m* bathrvom) reveals that the vapour concentration in
ad jacent rooms goes up to 85 X% of the peak level of the bathroom, when the fan
1s off and the deoor in between open. The drying of borh rooms took 4 hours.
With the fan off and the door closed there was almost no increase of humidity
in the adjacent room. The drying of the bathroom was determined by natural

ventilation and tock about 28 hours.

Using an extract fan, which provides an ACR of 6.6 h'! | and keeping che
bathrocom door open the peak level in the adjacent room could be reduced to

about 40 %X of the peak in the bathroom.
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.6.6 Meteorological Conditions

The outdeor climate has a major impact on the inside wvapour concentracion,
Humid air enters a building by infiltration, natural ventilation or by a
.nechanical ventilation system. Infiltration and mnatural ventilation are
strongly influenced by wind speed and direction and by the temperature
difference between inside and gucside.
The knowledge of outdoor temperature, ocutdoor relative humidity, wind speed,
and wind direction is importanct. For case studies and research projects these
.parameters have to be recorded. For more global considerations e.g. comparison
of different locations or calculations, monthly averages are of incerest.
Appendix A contains the monthly averaged outdoor temperacure, absolute

.humidity, and wind speed for the 5 countries, involved in Annex XIV.

.6.6.1 Influence of the Local Climate on the Indoor Air Humidity

.By ventilation or infiltration, outdoor air is brought into a building. How
mich air enters, depends on the ventilation strategy (natural wventilation,
balanced ventilation, etc.). How humid this entering air is, depends on the

'local climate. There are locations which are fairly dry but others which are
humid. Also the season plays & role.

.Independent of the building quality, the ventilation strategy and occupant
behaviour, we tried to compare for different locations the impact of the local
climate on the indoor air humidity level. The reason for these calculations is

.nol: to report theoretical ventilation rates and energy saving factors, but to
visualize rrends and to qualitatively emphasize the impact of different
parameters on ventilation and energy consumption in relation to the moisture
balance of a building.

For the calculations, a meteorological data base, the Test Reference Year

.(TRY), which gives hourly mean values of the local climates of Germany, was

used.

In many locations of Europe the most critical time of the yeaf is éarly fall.
It can be seen in Figure 6.9 and 6.10 that e.g. in Bremerhaven in the nord-
@vest part of Germany and in Friedrichshafen at Lake Gonstance in the very

south of the country during some days in October the calculated differences
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are close to zero, sometimes even negative. This means that the amount of
supply air for a given vapour emission rate has to be substantially higher
than during the cold months, were the outdoor air is drier and therefore the
difference (X;)n-Xe bigger. These facts may not be severe with regard to mould
growth, as these conditions do not last very long. Using monthly mean values,

one would obtain inh most cases uncritical conditions.

The considered cases are idealized, but they show that sometimes only small
rates of moisture production in a building can make the difference (x;),-%,
negative and, if this situation stays for a considerable time, it increases

the risk on mould growth. These small difference (x%;)p-%, ask high ventilacion

rates.

Example:

We consider as reference house, a one zone building with a mean "ingide
surface - outside" heat permeance P' =~ 1.15 W/w?K. The inside surface film
coefficient is h; = 4.0 W/m?K. Calculations are performed with a room air
temperarure of 20°C and 16°C. The outdoer air passes through the zone where it
is heated from outdeor te room temperature., If mould problems should be
avoided, the monthly mean humidity against the surface should not exceed the
empirically derived 'a,’-value, see chapter 2 of [32].

Out of the steady-state moisture balance (see chapter 4), we calculated the

mean inside vapour concentration, {x;), of the zone.

A plot of (x;);-x, vs. time shows:

- for positive (%;)p-X,, how much vapour can be produced for a given
ventilation rate or how much outside air has to be supplied for a given
vapour production to aveid mould risks;

if (%4)p-%, is zero, that no moisture should be released into the room;

- if {%1)a-%, 1s negative, that without dehumidification of the supply air

the maximum ‘a,’-value at the surface considered will be exceeded.
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6.6.2 The Influcnce of the Local Climate on the Ventilating Rates

We consider the same reference house as in 6.6.1 and calculate the accumulated
supply air flow, necessary to fulfil the condition not to exceed the maximum
'a,’- RH-value against the wall surface. Furtheron we assume, that the
moisture release is uniform throughout the day: 8 kgsday. There is no heating
from June to August and also during days outside this period, when the mean
daily outdoar temperature is abeve 15°C. The energy consumption calculated,
refers only to the ventilation losses without taking into account the energy
consumption by fans or the savings through heat recovery (See appendix B)

Figures 6.11 and 6.12 shows monthly accumulated ventilation flows and energy
consumption for Essen,in the west of Germany, necessary to keep the indoor
relative humidity low enough to have no exceeding of the mould condition

against indoor surfaces.

Remark:
It should be kept in mind, thar the purpose of ventilation is not only to
evacuate moisture, but also to remove adours, stale gir, tobacco smoke
etc. Especially during winter times, when removing moisture only demands
small ventilation rates, it may be possible that other factors dominate
and govern the necessary ventilation rate. Here we only try to evaluate
the influence of the moisture leoad (local climate, indoor pgeneration
processes), coupled to the mould condition, on wventilation rate and

energy consuwmption, with exclusion of all other factors.

Figure 6.11 shows, that, depending on the indoor temperature, the necessary
ventilation rates are highest during summer and lowest during wintertime. This
is obvious, because - assuming a uniform generation rate threughout a year -
the warm humid air ip summer can not take up so much moisture as the dry celd

air in winter, after being heated. This increases the ventilation rate in

summertime.

Figure 6.12 shows the energy demand for two different indoor temperatures. As
it can be seen, it is not always possible to save on ventilation energy demand
with a lewer rcom temperature, if the adeguate amount of air should be

supplied to avoid mould problems.
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If the monthly average values over a year of the ventilation flows W' and the
energy consumption ’'H’ are added, we see, according to Table 6.8, that the
total air flow all over the year has to be increased by 32%, if the air
temperature {s reduced to 16°C. This increased air flow reduces the energy
savings by a lower inside temperature to only 4%. Calculations for other
locations had been made with the result, that a decrease of room temperature

can led to an even higher energy consumption tor air heating.

Usually one would assume to save energy with a reduced room temperature. This
would be true if the ventilation rate is constant. But as be seen in Figure
6.11 and 6.12, to avoid mould, an increased ventilation rate is needed with
decreasing room temperature., This overcompensates the effect of the outdoor

air, to be heated to a lower room temperature.

All calculations performed base on the assumption, that the ventilation system
installed is able to exactly adjust the air change rate to the need, i.e. not
to exceed the ‘a,'-RH-value against indoor surfaces. Such a system doesn't
exist yet. One step towards this goal could be relative humidity controlled

ventilating systems.

If different wventilation strategies are compared with regard to energy
consumption, such a comparison only makes sense when all strategies make sure,
that on a monthly base the relative humidity against indoor surfaces will noc

exceed the 'a,’'-value.

Room- accumulated energy
temperature air flow [kg] consumption [kWh]
during a year during a year
g, = 20°C 920360 (100%) 1578 (100%)
g, - 16°C 1212330 (132%) 1507 ( 96%)
Table 6.8: Accumulated air mass and energy consumption during a year

at different room temperatures based on values from Figure 6.11
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Based on the previous calculations, we Cried to compare the air flow rates
needed. and the energy demand for locations in the countries participatring in
this Annex, to see how the different climares effect the necessary
ventilation. Used are the monthly mean ocutdoor temperature and relative

humidity values of Appendix A.

The results are shown in Figure 6.13. If the reference house with a vapour
generation rate of B kgsday is placed on the Scilly Isles (CB), the
accumulated air mass flow on yearly basis reaches 1.8 10¢ kg air; Napoli (I)
holds the second place with 1.6 10f kg air and Brussels (B} fanges on the
third place with approx. 0.95 108 kg air. All other areas don't differ that
much. Energy demand is due to the warmer climate lowest in Napoli (I}: 750
kWh, and Torino (I): 1200 kWh. The third lowest energy consumption can be
found on the Scilly Isles: 1400 kWh, where ventilation rates are highest.

Energy demand of the other locations vary between 1300 and 1700 kWh.

6.6.3 Summary of Findings - Comparison to common Ventilation Strategies

Assuming that it is possible to control the indoor air humidity in a way that

the 'a.'-value, is not exceeded, the results can be summarized as follows:

1. At a constant room temperature the necessary supply air with respect to
the relative humidity control can be substantially higher (factor 3 in
Figure 6.11l}) in summer than in winter. The energy consumption during the

cold months (Dec./Jan) can be twice that of the warmer months May and

Sept.
2. A decrease of the room temperature increases the necessary supply air and

can even lead to more energy consumption,

As previously said, it only makes sense to compare those ventilation
strategies, which make sure that the 'a,’-value is not exceeded.

Coming back to the energy consumption of Figure 6.12, these values are really
the pinimum amounts needed, 1if indoor humidity is the dominant control
parameter and when the system always operates, coupled to the ‘a,'-value
needed. Therefore, such a system would from a rélative humidity -control peinc

of view be the optimum one.
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In the following we discuss the peotential energy savings with more advanced

ventilation strategies, compared to the traditional ones.

Natural ventilation

Due to the driving forces, which are higher in winter than in summer, the
demand with a mactural ventilation system is adverse to the potential. However,
the occupant is able te react on too high relative humidities by using the
devices. Practice shows that this is not always done.

To calculate energy savings, comparing natural vencilation systems with
humidity controlled ones in a global way is not possible because the physics
of natural ventilation are too complex to generalise specific results.
Comparisons can only be made case per case. Nevertheless, it can qualitatively
be summarized, that a natural ventilation system, which works on the ‘a,’-
value during the warm months, must supply without users interference too much

during cold months. This results in a waste of energy-

e i Venti
Most systems operate with a constant volume flow rate. Sometimes there is a
time conrrol which allows a higher ventilation in the bedrooms during night
times. A mechanical ventilation system, which operates on a constant flow rate
throughout the heating season at such a high rate to meet the requirements
during the critical month of September, will supply too much air during all
other months. Figure b6.14 shows the excess air mass {light dotted area) in a
specific case. The excess energy, to heat this extra air mass is shown in
Figure 6.13 (light dotted area). On yearly basis, humidity controlled system

needs 1500 kWh, the constant flow ventilation system 2650 kWh, 76X more.

Also other ventilation strategies are possible. E.g. rhe flow rate is manually
ad justed 2 or 3 times a year depending on the season, This will increase the
cost efficiency. However, all c¢alculations assume that the indoor relacive
humidity is the dominant control parameter throughout the year for che whole
building. In reality, the influence and the dominance of other parameters
(odours, CO; etc.) may in well insulated buildings supersede, especially
during the winter. Unfortunately the impact of such parameters as a function

of season and room-use are not really known yet.
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. 6.7. Measurement Techniques

Tc cure moisture problems, the cause has to be detected. This being not always
clear on a first glance, a thoroughly study and measurements may be necessary.
.In the following, various methods and instrumentaticn to measure temperatures,
humi&ities and air change rates are explained. They vary in expenditure and
preciseness. There are scientific techniques and those suited for in-situ
measurements. One has to choose which method is adequate for a given case. The
different techniques are not explained in detail: they are sketched briefly

.and their applicability in mould and moisture damage evaluation outlined.

6.7.1 Temperature

6.7.1.1 Basics

Important temperatures are: the room temperatures, (the outdoor temperature)
and the inside surface temperatures. We deal with mean conditions. Fast
changes in temperature are not of major interest.
Important are temperature plots over a day, a week or longer. However, before
.temperature measurements are performed, one should define which temperature
one is interested in:
- air, or meore generally, medium temperature;
- black globe temperature;
- dry resulring temperature;
.- ping-pong ball temperature.
Chapter 3 'Thermal Modelling’, explains that the precise definition of the

reference temperature is essential for surface heat transfer calculations.

Medjum temperature:
.The medium temperature is defined by the location (x,y,z-coordinates in cthe

medium) and the medium itself {(air, solid material, surface). E.g. measuring
.the air temperature means, protecting the measuring device with a radiation

shield.
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Black globe temperature (BGT):

The black globe temperature is defined by the locarion (room coordinates) in
the medium and the medium itself. To measure BGTs e.g. in air, the resultant
temperature depends on the local air temperature and on the temperature of the
surrounding surfaces. In practice, the BGT can be measured, when the measuring
device is placed in the centre of a black sphere of 8 cm diameter. The black
sphere is in radiative heat exchange with the surrounding walls and the
measuring device. The globe should not be mounted close to a window to avoid

direct solar radiation oun it.

in e ture (b
The dry resulting temperature can mnot be measured. It is a defined
temperature, with as weighting factors for the air and radiation temperature
(index r) 0.5:
. =0,5 8, + 0,5, 85

Ping- 1 ature

The PPBT is measured by putting the measuring device inte a white ping-pong
ball. PPBT combines the air temperature with the radiation temperature of the
surrounding surfaces. The PPBT and the BGT differ due to the different
absorption and emission coefficients. PPRT is less sensitive to direct solar

radiation. The device is also less expensive than a black globe.

Black globe and ping-pong ball, including the measuring device have some

inertia. A rhythm in data acquisition of 1 log per 3 to 5 minutes is
acceptable.

6.7.1.2 Mcasurement Techniques.

Commonly used for remperature measurements are mechanical contact

thermometers:
Liquid Filled Thermometers (LFT);

Metal Expansion Thermometers (MET);

Thermoccuples;

Resistance Thermometers (RT).
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@ Liqwid EilJed Thexmonsrers (JET)

Most ofren used are mercury thermometers. If not calibrated, the uncertainty
range can be considerable. LFTs only give instantaneous information (with a
few exceptions they generally do not allow to record temperatures). Therefore
they arc not well sulted Lor moisture dmmage rescarch.
®
Metal nsion mometQr ET
The working principle of these thermometers is measuring the change of length
due to a change in temperature: the length change or the angle change of a
spirale than is a measure for the temperature. The most used and preferred
. group of METs are bimetal spirals.
For recording outdoor and indoor air temperatures, they are very well suited.
Thermographs often use this principle. They are available for time intervals

. of 1,7, or 30 days. Measuring tolerances are 1,5 %.

. Thermocouples

Working principle is the thermoelectric effect: if twoe wires of different
metals are connected at both ends, a current flows, when the two ends are on a
different temperature. From this, only temperature differences can be measured
with thermocouples. To get an absolute temperature signal in "C, one has to
. keep one end at a fixed temperature, normally 0°C. This can be done using a
DEWAR-bottle filled with melting ice or a PELTIER-thermostat. As temperatures
are usually recorded during several days, the ice in the DEWAR-bottle has to
be checked and stirred every hour whereas a Peltier-thermostat is easier to
handle and works automatically. Very useful are electronic menitors or
recorders, with the reference temperature device incorporated. Permissible
tolerances for NiCr-Ni, Fe-Konst, Cu-Konst, Pt 30 Rh-Pt &, Rh Pt 10 Rh-Pr, Pt
13 Rh-Pt thermocouples are 3 K according to DIN 43710. To have more
confidence in the measured data, it is recommended to calibrate the
thermocouples. This achieves tolerances of *0.5 K. The output wvoltage is a
non-linear function of the temperature, So, the temperature must be calculated
using a mathematical calibration curve, or can be taken from a graph.
Thermocouples exist in very small dimensions, i.e. that room air temperatures
as well as surface temperatures can be measured. There are covered
thermocouple types, which only should be used for air temperatures. They are

not suited for surface temperatures because the contact to the surface is too
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bad. This often results in substantial errors. Better for surface measurements
are folio-thermocouples. The folioc is 0.05 - 1 mm thick. One side is coated
with adhesives, so it is easy to attach the folio also to rough surfaces. To
measure the surface temperature without radiation influence the follo should
be atrvached to the surface and then covered with a larger folio with the same
absorption as the surface.

Thermocouples are suited for datalegging or for recording che signal on a
plotter over the measuring peried. Thermocouples arc very robust, reliable and

not expensive.

Resistan Thermometers

Here, the principle of the electrical resistance of a material, changing with
temperature, is used. In contrast to thermocouples, an auxiliary power supply
is needed. But whereas only temperature differences can be measured with
thermoelements, resistance thermometers give absolute temperatures.

RT work very precisely in the temperature range impertant in buildings.

Most common are Platin RT. They are usually specified by the resistance at
0°C. For example Pt 100 is a RT out of Platin {(Pt) with a resistance of 100 Q
at 0°¢.

There are also semi-conductor resistance elements available. The advantage to
Platin RT is that the resistance change due to a temperature variation is
higher. Therefore, the influence of connecting wires can usually be neglected.
They are cheap and have an accuracy of 0.1 - 1 % of the measuring interval., RT
exist in very small design so that they are suited for both air and surface
temperature measurements. The length of the connecting wires c¢an have a
substantial influence on the accuracy of Platin RT, due cto their own

resistance. To avoid these problems, a four wire technic has been introduced.

An expensive accurate device is needed to measure the change in resistance of
Platin RT. The electric resistance is a non-linear function of temperature to
be described with a quadratic or cubic power series. The permissible
tolerances are much smaller compared to thermocouples and are in the

considered temperature range here max. 0,5 K according te DIN 43760.

Concerning radiation protection for air temperature measurements the same

rules apply to RT as to thermocouples.
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.6.7.2 Humidity
&.7.2.1 Basics

.—{umidity measurements are essential in moisture research. Procedures exist for
point and continuous measurements. Gontinuous measurements are much more
interesting. In spite of this also the point measurement procedures are
briefly outlined, as they are often used to calibrate the continuously
operating devices.

.IOgether with the relative humidity, it is essential te measure the air
temperature at the same time and location, Further infeormation on atmospheric

relative humidity measurement methods is given in ref. [17].

6.7.2.2 Measurement Techniques

Dew Point Indjcater

.A copperplate, covered with a gold layer, is cooled through a Peltier element.
The room air passes over this plate. When the plate temperature is below the
dew point, water vapour condenses at the surface and a concentrated light beam

.scatters on the gold mirror it is directed to. The change from a specular to a
diffuse reflection is detected with a photoresistant. This controls the

.Peltier cooler in such a way that the golden surface is kept on the dewpoint
temperature. This temperature is precisely recorded with a Pt 100. With the
air temperature known, the relative humidity can be calculated. The accuracy

@-of the Pr 100 is 0,1°C.

The dewpoint indicator is a precise but also expensive way to measure relative

.humidities. This accuracy is not necessarily needed for the purpose here.
Dewpoint Indicators are usually point-wise operated but also continueusly

logging devices are available. They are suited for calibration purposes.

Psychr