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0 
PREFACE 

0 

0 
THE INTERNATIONAL ENERGY AGENCY 

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

0 ENERGY CONSERVATION IN BUILDING AND GO-ITY SYSTEM 

As one element of the Energy Programme, the IEA sponsors research and 
development in a number of areas related to energy. In one of these areas, 
energy conservation in buildings, the IEA is backing various exercises to 

0 predict more accurately the energy use of buildings, including comparison of 
existing computer programmes, building monitoring, comparison of calculation 
methods, energy management systems, as well as air quality and inhabitants 
behaviour studies. Sixteen countries and the Euro~ean Communitv. , . 
BELGIUM, CANADA, CEC, DENMARK, FEDERAL REPUBLIC' OF GERMANY, FINLAND, GREECE: 
ITALY, JAPAN, NETHERLANDS, NEW ZEALAND, NORWAY, SWEDEN, SWITZERLAND. TURKEY. 
U.K.. U.S.A.. 
have elected to participate and have designed contracting parcies to the 
Implementing Agreement, covering collaborative research in this area. This 
designation by the government of a number of private organisations as  well as 

9 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 vith government 
sponsored energy RDhD is recognised in the IEA, and every effort is made to 

0 encourage this trend. 
THE EXECmIVE COUHI'ITEE 

Overall control of the programme is maintained by an Executive Commitee, which 
0 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- five projects have been initiated by the Executive Committee, more chan 

0 half of which have been completed: 
ANNEX 1: Load energy determination of buildings (*) 
ANNEX 2: Ekistics h advanced community energy systems (*) 
ANNEX 3: Energy conservation in residential buildings (*) 

0 ANNEX 4: Glasgow commercial building monitoring (*) 
ANNEX 5: Air infiltration and ventilation centre (*) 
ANNEX 6: Energy systems and design of communities (*) 
ANNEX 7: Local government energy planning (*) 

0 
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ANNEX 8: 
ANNEX 9: 
ANNEX 10: 
ANNEX 11: 
ANNEX 12 : 
ANNEX 13: 
ANNEX 1L: 
ANNEX 15: 
ANNEX 16: 
ANNEX 17: 
ANNEX 18: 
ANNEX 19: 
ANNEX 20: 
ANNEX 21: 
ANNEX 22: 
ANNEX 23: 
ANNEX 24: 

Inhabitants behaviour with regard to ventilation (*) 
Minimum ventilation rates (*)  
Building HVAC system simulation (*) 

0 
Energy auditing (*) 
Windows and fenestration (*)  

0 
Energy management in hospitals (*) 
Condensation and energy (*) 
Energy efficiency of schools 

0 
BEMS 1- User interfaces and system integration 
BEHS 2- Evaluation and emulation techniques 

0 
Demand controlled ventilation systems 
Low slope roofs syscems 
Air flow paccerns 

0 
Energy elficicnt communicics, 
Thermal modelling 

0 
Air flow modelling 
Heat- air moisture cransoart in new and recrafitced insulated envelope 
pares 

ANNEX 25: Real time sirnulacion and faulc detection 

ANNEX 14: CONDENSATION AND ENERGY 

The idea co scarf an Annex on mould, surface candensacion and energy grew in 
1984-1985. In September 1985, a workshop was organised at che Leuven University, 
Belgium, focusing on the stace of rhe arc in differenc countries. This workshap 
revealed a real lack of overall knowledge and understanding, an the levels of 
data, modelling and measuring. 

The Annex objectives were formulated as: 
- providing archiceccs, building ovners and praccicioners as  well as 

researchers with a better knowledge end underscanding of che physical 
backgrounds of mould and surface condensation, including the critical 
conditions far mould growth and the influencing material properties; 

- ta introduce better calculation models, taking into account air, heat and 
moisture cransfer,in order co predict properly the phenomena of mauld and 
surface condensation and ta validace possible solutions; 

- ta develop energy conserving and cosc effective strategies and 
complementary design methods, techniques and daca for avoiding mould and 
surface condensacion in new buildings or preventing further degradacian in 
problem buildings. 

AL- first 6, later 5 countries: BELGIUM, FEDERAL REPUBLIC OF GERMANY. ITALY, 
NETHERLANDS, U.K., joined cogecher for 3 years of intensified research on mould 
and surface condensation. The shared work included case studies, cornon 
exercises and the draft of a source book, a catalogue of material propercies and 
a guidelines boaklec. Also the nacianal research efforcs were scheduled in 
accordance with the Annex 14 scheme and che resulcs broughc cogether and used as 
base far che Annex publicacions. 
Seven warking meetings of 3 days each were held, the first to build up a common 
knowledge, the last ra discuss research and reports and to elaborate a common 
performance philosophy. 

(*) completed 
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a LIST OF EXPERTS COtiTRIBLiTING TO ANNEX 14 
OPERATING AGENT 

K.U.Leuven, Laboratory for Building Physics, represented by Prof. H. Hens, head 
of the lab. 

NATIONAL EXPERTS 

ir. E. Senave, K.U.Leuven, Lab. for Building Physics, Leuven 
dr. ir. P. Standaert. Adviesbureau Physibel, Maldegem 
ir. B. Walleyn, NMH, National Housing Society, Brussels 
ir. P. Wouters. WTCB- CSTC, Belgian Building Research Institute, Brussels 

Federal Re~ublic of Ge- 

a 
National coordinator: Dip1.-Ing. H. Erhorn, 

Fraunhofer institut fiir Bauphysik, Stuctgart 
Dip1.-ing. W. Eisele, Fraunhofer Institut Eiir Bauphysik, Stutegart 
Dip1:Ing. 2. Herbak, Fraunhofer Institut fiir Bauphysik. Stuctgart 
Dip1.-Ing. H. Kiinzel, Fraunhofer Insttut fiir Bauphysik, Holzkirchen 
Dip1.-Ing. J. Rein, Fraunhofer Institut for Bauphysik, Stuttgart 
Dr W. Raatschen, Dornier Gmbh, Friedrichshafen 
Dip1:Ing. R. Stricker, Fraunhofer Institut fiir Bauphysik. Stuttgart 

National coordinafor: Prof. C. Lombardi , 
Politecnica di Torino 

Ing. G. Casetta, Consulting engineer 

a 
Netherlands 

National coordinator: ir. P.C.H. Vanderlaan, 
Rijksgebouuendienst, Den Haag 

lr. 0. Adan, TNO-IBBC, Rijsvijk ir. J.J.M. Cauberg. Cauberg-Huyghen Raadgevende Ingenieurs, Maastricht 
dr. ir. J. de Wit, T.U. Eindhoven, Fakulteit bouvkunde, Vakgroep Fago. Eindhoven 
ir. W. Lichtveld, Lichtveld, B u i s  en Partners. Utrechr 
ir. J. Oldengarrn. TNO-IBBC, Rijsvijk 
ir. A.C. Van der Linden. Rijksgebauvendiensc, Den Haag 
ir. R.J.P. Van Hees, TNO-IBBC, Rijsvijk 

United K w  

&Gkxul coord-: Mr. C. Sanders, 
BRE. Scottish Laboratory. East Kilbride 

Prof. P. Burberry, UMIST, Department of Building Engineering, Manchester 
Dr. M. Denman. Sheffield City Polytechnic, Sheffield 
Dr. C. Hunter, BRE. Garston. Watford 
Dr. T. Oresczyn, Bartlet School of Architecture and Planning, 
University College London 

0 
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SYMBOLS 

@symbol unit Physical quantities . 
a 

0L kg/(m2.s) 
ka s 

a:. 5 

m 

absarbivity 
thermal diffusivity 
water activiry 
thermal effusivity 
water vapaur concentracion (humidity by volume) 
specific heat capacicy 
specific heat capacity of a wet material 
thickness 
emissivity 
density of moisture flow rate 
air permeabilicy 
moisture conductivity 
length 
mass 
partial water vapaur pressure 
partial water vapour saturation pressure 
heat flow density 
ventilation race 
reflectivity 
Lime 
moisrure contenc mess by mass 
moisture concenc mass by volume 
water vapour racio (humidicy by mass) 

kg/(m's4) water sorpcion coefficient 
mz/s moisture diffusivicy 

Energy consumption 
kg/s moisture flow rate . vapour production 
s/m air permeance 
U/mz . K thermal permeance inside surface - outside 
mZ. K/W thermal resistance 

degree of saturation 
K thermodynamic (absolute) temperature 
U/mZ. K chermal permeance 

K-1 specific heat scrain 
s vapour permeability coupled to a vapour pressure 

gradienc 
m2/s vapour permeability coupled to a vapour concentration 

gradient 
- hygric strain 

kg/m3 volumic mass (density) 
J/(m3.K) volumic heat capacity 

relative humidity 
vapour resistance factor 

m (equivalent) vapour diffusion thickness 

PACE ix 
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$ XmJ/ml moiscure content volume by volume 
*a %mJ/mJ air content 
A y m K )  chertnnl conductivity 
B C temperature 
8,s *C dry remulcing temperature 

transmissiviKy 
temperature raKio 

SUBSCRIPTS a 
a ambient 
c capillary 
cv convective 
e exterior 
h hygroscopic 
i incerior 
m mois~ure 
max maximal 
r radiacian 
s surface 
sat saturation 
v vapour 
v YaKer, liquid 

ABBREVIATIONS: a 
CFU colony forming units 
ERH equilibrium relative humidity 

a 
IAQ internal air quality 
RUE racional use of energy 
HGF mean grovch faccar 
KG mineral vool 
UPS extruded polystyrene 

a 
RH relative hmidicy 
TRY test reference year 

a 
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INTRODUCTION 

Mould problems in dwellings a r e  a rather widespread reality in che 5 countries. 

@participating at Annex XIV, especially in the social housing sector. Staristical 

information, circulating during the working meetings, suggests same 20% of the 

@social housing stock being affected in Belgium, same 15X in the Netherlands and 

same 25 to 30% of the low income housing in the U.K. 

w o u l d  germinarion on an inside surface becomes possible when the water activity 

on it stays higher, during a shorter or longer period, than a rhreshold-value 

@'&' .  which is a function of different parameters. 
Using the facr that, in steady-state or slowly changing conditions the water 

. .  . 
actlvlcy 1s nothing else bur the relative humidity against the surface, the 

W l d  condition becomes: 

is the vapour pressure against the surface and p'si the saturation pressure 

@on the surface. 

If a. - 1, the mould condition turns to the surface condensation equation: 

@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 (p',,) 
@. 

1 s  d~rectly linked to the surface temperature a,': 

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

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

eituations), the surface film coefficients and the dynamic reality. 

PAGE xi 
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THE VAPOUR PRESSURE AGAINST A SURFACE (psi) 

follows direccly from che air & vapour balance in and becween rooms and becwee a 
che building and the outside. Important elemencs in it are : chs 

vapour. 
production, the outside air ventilation, well or no surface condensation, 

hygroscopic inertia, incra and interroom moisture transport . . .  . 
This share overview of theory learns chat, to study the reality of mould an# 

surface condensation, in relation with energy conservation and its emphasis 

- on a better insularion quality, pronouncing the danger of real thermal 
. 

bridges. 

- on a minimisacion of the heat losses by excess venrilation, 

- on an economisation of heating system use, 

one needs : 

- a sound knowledge of material properties: chapter 1 of the source book. 
. 

Otherwise, modelling the chermal and hygric response of che fabric remains. 

theory; 

- infarmacion an a 'a,'-value: chapter 2 of the source book, studying 

'moulds' : 

an introduction in thermal modelling : chapter 3 of the source boak, with 
. 

an main point thermal bridging and surface film caefficienca; 0 
some concepts o f  hygric modelling: chapter 4 of the source boak, focussing 

an 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 dara: chapter 6 of the 

source book 

PAGE xii 
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C h a p l z e r  1 

MATERIAL PROPERTIES 

H .  Hens l LABORATORY FOR BUILDING PHYSICS 
Celestijnenlaan 131, B-3001 Leuven (Heverlee) 

0 
Belgium 

0 1 . 0  INTRODUCTION 

I n  the understanding of mould problems and surface condensatian, modelling plays 

an important role. The aim is to describe the heat, air, and moisture transfer 

l 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 

l importance. 
0 

Chapter 1 introduces the '"catalogue of building, insulating and finishing 

l materials and their hygrothermal properties" (volume 3). This catalogue fills as 

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

l Information sources were: 
- lizerature; 

l - the standard lists of Belgium, Germany. France, Italy, The  etherl lands and 

l the U.K. ; 

- all measurements, done at the "Laboratarium Bauwfysica" of the K.U.Leuven, 

l reports of other labs. 

As for the content of this chapter, one first has the array of hygrothermal 

.properties, their exact definition, and their dependence on different pera- 

0 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 report. 

0 
l GIIAPT~ 1 : MATERIAL PROPERTIES PAGE 1.1 
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Table 1.1: Array of hygrothermal properties 

PROPERTY SYMBOL UNITS 
a 
a 

T.l CAPACITIVE 
T.l.l specific heat capacity 
T.1.2 volumetric heac capacity 

T .2 TRANSFER 
T.2.1 thermal conductivity 
T.2.2 (areal) Ehermal resistance 
T.213 absorbivity,emissivi~y,reflectivity, 

transmissivity 

T.3 COMBINED 
T.3.1 thermal diffusivity 
T.3.2 thermal effusivicy 

T.4 CONSEQUENCE OF A CHANGE IN HEAT CONTENT 
T . 4 1  specific thermal strain 

H.1 CAPACITIVE 
H.l.l moisture content 

H.1.2 degree of saturation 
H.1.3 specific moisture contenc 

H. 2 TRANSFER 
H.2.1 vapour permeability, 

vapour resistance factor 
H.2.2 diffusion thickness 
H.2.3 moisture canduccivi~y 
H.2.4 thermal diffusion coefficienc 

H.3 COMBINED 
H.3.1 moisture diffusivity 
H.3.2 water sorption coefficient 

H.h CONSEQUENCE OF A CHANGE IN MOISTURE CONTENT 
H.h.1 hygric scrain 

&_BIB 

A.l CAPACITIVE 
A.l.l air content 

A.2 TRANSFER 
A.2.1 air permeability 
A.2.2 air perrneance 

lJ 
~d 
16, 
D, 

0" 
A 

c 

la. 

k. 
K. 

a 
Cwprm 1 : WTERIAL PROPERTIES PAGE 1.2 0 
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1.1 HYGROTHERIYIl. PROPERTIES 

1.1.1 Array of hygrothermal properties (table 1.1) 

For most building practitioners, hygrothermal properties reduce to "Thermal 

Conductivity". In reality, noc only thermal, but also hygric and air properties 

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

1. 
Capacitive properties: "che possibility Co score heac, moisture and air in 

a macerial" 

2. Transfer properties: "the possibility of h e a t ,  air and moisture to flow in 

and through the macerial" 

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

and Cransfer propercies" 

. Propcrtics, llnkcd to cllnnp,cs i n  hcat, moisture and air content. They arc 

not discussed in this report. 

.1.2 Influencing parameters 

For all materials, the hygrothermal properties are essentially theoretically 

defined quantities far use in calculations and are not absolute constants. Their 

value depends on parameters, the important ones being mentioned in cabel 1.2. 

In principal, che relationship property - £(density, porous system, thickness, 
temperature, temperature difference, moisture content, time) has to be knovn. 

The functional dependence 'property- paramecers' may follov from a physical 

understanding, the numerical relation has to be fitted by measurements. This 

demands such s tremendous amount of experimental vork, that only partial results 

can be obtained. 

FortunateIy, virhin the interval of parameter values, encountered in buildings, 

the influence of peramecers such as temperature difference remains rather 

unimportant, vhile the relationship vith others can be linearised vithout major 

a inaccuracy. 

Car~rol 1 : HATERIAL 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 2, limited relationship a value 1 and + no relationship a value 0. 
PROPERTY PARAMETER 

nl ns n3 n4 API APZ A P ~  T z 

T.l.l c 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 2 2 

PRODUCTION LINKED Ml: basic material 
M2: density 
M3: type, configuration, form, orientation of pores 
Ma: thickness 

APPLICATION LINKED AP1: temperature 
AP2: temperature difference 
AP3: moisture content, relarive humidity 

TIME 

Cm~rol 1 : MATERIAL PROPERTIES PACE 1.4 
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The array "Properties - paramerers" (cable 1.2) shovs that rhe mosr important 

parameters are: 

H1 : basic material 

a HZ : density 

H3 : type, configuration, form, directivity of pores 

AP3: moisture content, relative humidity 

Of less importance are 

APl: temperature 

H4 : thickness 

T : time 

'?he greatest parameter sensitivity is found for: 

T.2.2 thermal conductivity 

T.2.2 thermal resistance 

a H.2.2 diffusion thickness 

In the catalogue, these facts are translated as follows: 

HI, H3 The searching key: define the kind of material; 

HZ Given for each material as a production linked parameter; 

AP3 If known within che limits of temperatures, encountered in 

a building constructions, the relation property - moisture 

content is given; 

APl,T,H4 If known and of practical use, relation given. 

a 
1.1.3 Definitions 

a 
(symbol: P /  units: kg/m3) 

a 
We call density, the veight of 1 m3 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'~ or plastics 

dried at a temperature, low enough nor to enhance the material, until between 

tvo successive daily measurements, the weight decrease remains less than 1% of 

the starting weight. 

In building applications, the density varies from = 10 kg/m' for the lightest 

insulation until some 2500 B 3000 kg/m3 for the heaviest stony, and 2700 A 11000 

kg/m3 for metallic marerials, i.e. a difference in order of magnitude 3 

(insulation versus stony) Co 4 (insulation versus merallic). 

CmPrm 1 : FATERIAL PROPERTIES PAGE 1.5 
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THERMAL PROPERTIES 0 
T.l.l SPECIFIC HEAT CAPACITY (symbol: c / units:J/(kg.K)) 

We call specific heac, the heac needed to change che temperature of a unic mass 
0 

of material wich 1 K. Wich the unit mass referring to che dry macerial, the 

specific heat capacity of a wee macerial c '  becomes: 

with w che moisture concent in the material in kg/$. 

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

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

Generally speaking, we may distinguish between: 

MATERIAL GROUP c [J/(kg.K)] 

Mecallic 130 to 880 

Stony 840 

Polymeric 1470 

Wood, wood based 1880 

giving a difference in order of magnitude < 1. 

T.1.2 VOLOE(ETR1C HEAT CAPACITT (symbol: PC/ units:J/(d.K)) 

The volumetric heac 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 

capaciry, the volumic heat capacicy of 1 m3 of material is: 

DRY : pc 

WET : p c  + 4187.w (1.2) 

In all thermal phenomena, not c but p c  is the storage defining quancity. In it, 

the density causes clear differences in order of magnitude becween insulating 

and stony materials: 

INSULATING : pc > 1.5.10V/(rn3.K) 

STONY : pc > 2.5.106 J/(m3.K) 

Owing to this, as a necessary condition to conscrucc capacitive buildings, we 

have: use heavy materials! 
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1.2.1 THERMAL CONDUCTIVIiY (symbol: A/ unics:U/(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" 

Far isotropic materials, both vectors coincide and the thermal conducciviry is a 

scalar. For anisotropic materials, chey 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 sceady-scate density of heat flow through a flat, infinitely extended 

single layer wall: 

or: 

0 "The chermal conductivity of a material is the heat flowing in steady- 

0 
state, during 1 s ,  from one side of e cube of 1 m3 of the materiel ta the 

other, the temperature difference between both sides being 1 K. the other 4 

0 sides being adiabatic" 

0 Physically, the thermal conductivity is only a material property for nan-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: 
I1 - radiation in the pores; 

0 I11 - convection in wide pores; 
WET MATERIAL 

0 I+II+III 

IV - canduccian through the absorbed and capillary condensed water; 
V - water evaporation-> difEusian-> vapour condensation in the pores. 

0 
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These sir heat cransfer modes are compressed in che quantity 'thermal@ 

conductivity', making it an 'equivalent' calculation value, which, because of 

the six modes, turns out co be extremely parameter dependent. e 
As range of calculating values, we have: 

MATERIAL GROUP A lW/(m.K)l a 
Metallic 16 to 380 

Scony 0.15 to 3.5 

Polymeric.vood 0.10 co 0.25 

Insulating 0.015 to 0.06 

T.2.2 (AREAL.) T H W  RESISTANCE (symbol:R/ units:mZ.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 vith the formula for the 

steady-state densicy of heat flov through a flat, infinitely extended single 

layer vall: 

81-81 
R-- (1.4) 

9 

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

even more pronounced vay as the thermal conductivity. 

T.2.3 ABSORBTIVITY, EAISSIVITY, REFLECTIVITY,(TBANSUISSIVITY) 

These surface properties are directly coupled to radiative heat transfer. As far 

as the 'grey surface'. concepc holds, che.4 are defined as: 

ABSORBTIVITY (a): 

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

cadiacive flov to che incident one: 

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

emitted density of radiative flov and the 'black surface' emitted density; 
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aREFLECTIVITY (r): che racio, for a given radiation temperature.betveen the - 
reflected density of radiative flow to the incident one; 

TRANSMlSSlVITY ( 7 ) :  the ratio, for a given radiation temperature, between the 

transmitted density of radiative flow to the incident one; 

0 
For coloured surfaces, these definitions have to be narrowed to ratio's of 

0 spectral intensities instead of density. 

In building physics, the grey body concept is used in a 'two temperatures 

interval' way: 

- environmental 1R:radiation (T, = 300K / a ~ ,  e ~ ,  rl, r d  

0 - solar radiation (TI = 6000K / a,, e , ,  rs. T S )  

0 
The following rules hold: 

- environmental radiation: not depending on che co1our;f all materials and 

finishing layers, except the metallic ones, have an absorbtivity between 

0 0.8 and 0.9. 

0 a~ - eL; a~ + rL (+ r L )  - 1 
- solar radiation: important influence of the colour of the surfaces 

as(white) < a,(yellow) < a, (red) < as(blue) < as(black) 
as + rs (+ T ~ )  = 1 

0 

0 
T.3.1 T H E W  DIFEUSIVIN (symbol:a/ units:mS/s) 

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

heat capacity: 
A 

a = -  (1.5) 

a P . C  

For wet materials, the formula becomes: 

A(w) 

0 a = 
p . c  + 4187.w 

The diffusiviry expresses the velocity of propagation, by conduction, of a local 

change of temperature in a macerial. 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. 

0 
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For all building materials, rhe thermal diEfusivity has a low to very low value 

( . . .  .lo-6). or, propagating a temperature change by conduction is a slow 

process. 

T.3.2 THEMAL EFFUSIVITY (symbol: b/ unics:J/(m2.K.sC') 

We call thermal effusivity, the square root oE the product of thermal 

conductivity and volumetric heat capacity: a 

Far wet materials, the formula turns to: 

The eEfusivity expresses rhe ease ,  with which a material takes up and propagates 

heat by conduction, The property is closely linked to our physiological and 
a 

psychological evaluation of materials: rhose 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. a 
MATERIAL GROUP b [J/(m<K..s4] 

Metallic 10000 to 36000 

Stony 240 to 2900 

Polymeric,wood 300 to 500 

Insulating 16 to 70 
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11.1.1 UOISTURE CONTENT (symbols:v.u,+ /units:kg/+ .Xk&g. Z+/+) 

We call moisture Content: 

@- MASS BY VOLUME 

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

m 
w - -  

v 

- 
MASS BY MASS, 

the mass of moisture per unit mass of dry material: 

@the volume of moisture per unit volume of dry material: 

v. * = - . 100 (Z) 
v 

Relations between chese definitions: 

u - 100. - (Z); $ - w/10 (Z) (1.13) 
P 

The difference in numerical value becween the three definitions, for the same 

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

0 

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

the chree definitions give: 

w - 100 kg/m* ; u - 4.35 Xkg/kg ; $ - 10 Zd/d 
It's clear that the u-result seems the less severest. 

With a very light mineral wool (12 kg@) the result becomes 

w - 100 kg/+ ; u - 833 Zkg/kg ; $ - 10 Zm,/rn' 
@Now the u-result seems desastrous, while the $-result looks rather reassuring 
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. 
SOURCE BmK . 

Figure 1.1: The moisture content s c a l e  
. 

To 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., materials with an. 

important hygric strain; 
- d is used for highly porous materials, such as insulating layers. 

It is imoortant to remember. thac: 

- a material can only become moist if 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, che 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 important 
influence of gravity on the moisture content. Saturating them may become 
impossible. 

. 
From low to high moisture content, we have: 

The ZERO POINT (r - 0). 
For its definition: see 'Density' 

The HYGROSCOPIC zone (ma). 0 
Mosc capillary- porous materials, show, depending an the pore system, a more or 

less pronounced hygroscopic behaviour, resulting in an equilibrium moisture 

content as function of the R.H.. On the moisture scale, this hygroscopic zone 

stretches from che zero point to a maximum hygroscopic moisture content, by 
. 

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

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

1.2). Hygroscopicity fixes the inside climate moisture content of a layer. . . 
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/ 

0 n ul m 
a RHI%I 

Figure 1.2: The hygroscopic hysteresis 

@l'he CRITICAL moisture zone (u.,). 

We call the critical moisture zone, that interval on the moismre scale, belov 

@vhich f only vapour transport occurs and above which vapour + water transport 
#evelops. On the microscale, the critical zone represents che lowest moisture 

content, shoving continuous flow paths in the pore syscem. It plays an important 

*ole in drying phenomena and in interstitial condensacion in or between 

capillary layers 

The CAPILIARY moisture content (r.). 

@We call capillary moisture 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, 

@ t h  no permanent water contact and the possibility of balanced wetting- drying. 

It is important in rain penetration, abundant surface condensation and 

@interstitial condensation betveen a capillary and nan-capillary layer. 

@The S A ~ T I O N  or maximal moisture confent (r.). 

All water open pores in the material are filled vith water. Attaining saturation 

@is only possible by vacuum- immersion. Hovever, shifting on the moisture scale 

@from capillary to maximal moisture content is inevitable vich capillary 

materials permanently in contact with vater or having the possibility of 

@unbalanced vetting- drying: vetting vith little to no possibility of drying . 
The interval becween capillary and saturation moisture ConKent also plays an 

@imponant role in the frost resistance of the material: the smaller the 

@interval, the greaKer the chance, in wet conditions, of frost damage. 

0 
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H.1.2 DEGREE OF SATURATION ( s ~ ~ o ~ : s /  unit:.) 

We call degree of saturation, the ratio: 

vm a 
The degree of saturation uncouples to some excent the description of the 

moiscure presence and the kind of material. It also facilitates the search f o b  

more general lavs. a 
H.1.3 THE SPECIFIC UOlSTURE CONTENT (symbol: c d  unit:kg/rd) a 
We call specific moisture content the derivates of the moiscure content Co the 

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

H.2.1 VAPOUR PERItEABILITY, VAPOUR RESISTANCE FACTOR a 
(symbols: 6p. 6,. @/ units: s, m2/s .  -) 

As an exact definition of the vapour permeabilicy, ve have: 
a 

"The vapour permeability in a point of a macerial is the ratio between =he@ 

'density of vapour flow'- vector and the 'vapour pressure / vapour 

concentration gradient'-veccor in chat point" a 
For isotropic materials, both veccors coincide and the vapour permeabilicy is a@ 

scalar. For anisotropic materials, chey do noc and the vapour permeabilicy 

becomes a censor, represenred by a (3x3)-macrix. 

The technical definition of the vapour permeabilicy is coupled co the formula 

for che steady-state density of vapour flow through a flat, infinitely extended a 
single layer wall: a 

6, . (PI-PA g .  d 
g - -> Sp - - 

d 
(1.15) l 

PI-PI 

with PI-pz : the vapour pressure difference over che layer 
a 

d : thickness of che layer. a 
The formula says: 

"The vapour permeability of a material is the amount of vapour, flowing in 

steady-scare, during 1 s, from one side of a cube of 1 m3 of the material 
0 

to the ocher, the vapour pressure difference betveen both sides being 1 Pa. l 
the other 4 sides being vapour tight" 

To get 6,, p,-pz must in formula (1.15) be replaced by c l - c2 .  

a 
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The vapour resistance factor p is given by the ratio betveen the vapour 

@permeability of the material and the vapaur permeability of stagnent air under 

ydentical thermodynamic conditions (same temperature, same pressure). Far 

stagnant air, p is by definition 1. 

@(r is a kind of one number description of the pore system and ic's relation to 

the vapour transfer in and through the material. 

@If in a slab of dry material, all pares are straight on, have a constant section 

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

a i t h  h: the open porosity of the material. 
If the pares are of constant section, straight on but inclined, p turns to: 

I 
Ir - (1.17) 

la,. c o s a  

vith a: the angle betveen pare and thickness direction. 

@If the pores are tortuous, of changing direction etc, p looks like: 

$t 
P - -  (1.18) 

(I, 

@vith $c: the tortuasity factor. 

@Changes in tarcuosity in macroscopically identical samples of the same material. 

@have a direct impacc on the p-value. The result is a large scattering in 

measured values for the same material. 

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

@diffusion path, increasing vater transfer. 

@Very open porous materials, such as mineral voal have a p-value, close to 1. 

Marerials vith a high p-value (i.e. a very lov 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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n . 2 . 2  VAPOUR DIFFUSION THICKNESS (symbol:d/ units:m) 0 

We call diffusion thickness, the producc ,id, which is used instead of ,i: . 
- for all material layers with a non constant thickness or a thickness 

difficult to measure; 
. 

- for composite thin layers, like many vapour barriers are; 

- far composite layers, such as masonry work: . - to describe vapour transfer through layers vith inevitable cracks, joints 

or an imporcanc sensitivity to vorkmanship. In chis case.the property i 

called "equivalent diffusion thickness". 
m . 

H.2.3 MOISTURE CONDUCTIVITY (symbo1:kJ units:~) 

As exact definition of the moisture conductivity, we have: . 
"The moisture conductivicy in a point of a material is the racio betwee * 
the 'densicy of moisture flaw'- vector and the 'auction gradient'-vector in 

that point. Suction includes capillarity, gravity and external pressure" 

For isotropic materiels, 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)-macrix. 

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

through that on the moiscure cancent, in the sense that 16, increases sharply. 

vith increasing moiscure content. This is a direct consequence of: 

- Paiseuille's law of vater cransfer in capillaries, stating that their water . 
conduccivicy increases with the square of the diameter; 

- the moisture behaviour of open porous materials, where, for lov moiscure 
. 

contents, only the very small pores are vater filled, while, with a rise in. 

moisture content, wider and wider pares became water filled. 

Lacking measured data, an estimation of 16, is possible vith che formula: . 
with a and b: marerial- dependent constants. 

aw/as: the specific maiscure capacity 

As a mean value for porous building materials, a is taken 0.00674 

b is taken 6.4 
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@~.2.4 T H W  DIFFUSION COEFFICIENT (symbo1:DJ units:kg/(m2.K.s)) 

We call rhermal diffusion coefficient: ' "The ratio, in a paint of a material in isasuction conditions,between 'the 

density of moisture flow'- vector and the 'gradient of temperature'- vector 

in that point" 

I n  isotropic materials, both vectors coincide and the thermal diffusion 

coefficient is a scalar. In anisotropic materials, they do not, and the thermal 

'diffusion coefficient becomes a (3x3)-matrix tensor. 

'Far capillary materials, the thermal influence on the moisture transfer is a 

direct consequence of the temperature dependence of surface tension and 

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

For hygroscopic, "on- capillary materials, the thermal influence has its roors ' in hygroscopicity itself. ' 
H.3.1 UOISTURE DIFFUSIVITY (symbo1:DJ units:m2/s) 

The moisture diffusivity is given by the ratio: 

' &/as being the specific moisture capacity 

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

 he formula shows that the moisture diffusiviry drops quickly with decreasing ' water absorption coefficient and increasing capillary'moisture content: ' MATERIAL A wc D. 

kg/(m2. sk) kg/m3 mz/s ' 
bricks 0.5 300 1.7E-7 .exp(0.021.w) ' concrete 0.02 100 2.7E-10 .exp(0.06.v) 
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H. 3.2 WATER SORPTION COEFFICIENT (symbol :A/units: kg/(mz.  s')) 

In accordance to the thermal definition of effusivity. 

we should call A the quantity: 

(1.22) 
0 

In practice however. the definition of A remains restricted to a very specific 
0 

moisture transfer situation: suction by a dry material in contact with a f r e e  

vater surface. 

In a [mc.t4]- coordinate pair, the sucked water per unit o t  surface mostly 

appears as a straight line, the slope being the vater sorption coefficient. So, 

instead of a moisture conrent dependent relation, only one value for A is. taken 
0 

as the water sorption coefficient. 
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0 
A.l.l AIR C O N T W  (symbol: $./ units:Zm3/mJ) 

We call air content. the volume of air per unit volume of material. 

The air content is a function of the vater content: 

0 In some closed cell porous materials, instcad ol. air, unochc r  rnlxturc oE gasses 

0 
may be present. If the pore system is not gas tight, a slov diffusion '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, vhich are not 

vapaur tight, the pore air or gasses are slovly compressed, resulting in a 

svelling of the material. Especially in light PUR foam.this phenomenon may 

induce vorrying dimensional changes. 

0 
A.2.1 AIR PEREIEABILITY (spbo1:kJunits :s) 

0 We call air permeability: 

0 
"The ratio, at a paint of a material, betveen 'the density of air £10~'- 

vector and the 'gradient of pressure'- vecKor 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. 

0 As vith the ,vapour conductivity and the vapaur resistance factor, the air 

permeability is a 'poresystem'- parameter, combining information about the total 

porosity, mean path lengch. tortuosity and mean seccion of the pores. 

Far the same material, there is considerable scatter. 

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

0 
A.2.2 AIR PYUIUUlCE (spbol:KJunits:s/m) 

The air permeance represents the ratio betveen the density of air flov through 

and the pressure difference over that layer. 

The air permeance is used instead of the air permeability: 

0 - 
for all materials/ layers vith a variable thickness or a thickness 

difficult to measure; 

- for layers, composed of different materials (brick vork); 

0 
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- to describe the air transfer through a layer or system with joints,@ 

inevitable cracks, highly sensitive to workmanship . . . .  
a 

Measurements show that in most cases K. can be represented by a function: 

K, = a.(Ap)-b (1.26) 
a 

with: 0 < b < 0.5. 

Ap = the pressure difference over rhe layer. 
0 

a 
1.2 STANDARD LISTS a 
1.2.1 The concept "calculation value" 

In most countries, standard lists vith material data are available, giving the. 

so called calculation values for some thermal and hygric properties. 
The a 

motivations co irnplemenc, in spice of all inconvenience, these simple data sets 

and not to wait until everything is known, are: a 
the need for data to calculate; 

the notion that indeed ell properties depend on the different parameters, 

discussed above, that these influences may be very complex 

interrelated, but that they are not experimentally verifiable over the 

whole range of their application; 

the fact chat material parameters such as density, pore system, pore 
a 

torcuosity alvays show a scochascic character, introducing for any material 

an inevitable scatter in che values for each property. This multiplies 

further the need for experimental validation until statistically meaningful 
a 

sets of values have been collected; 

the unavoidable limitation in techniques of experimental validation 
a 

possibilities, introducing a scatistical uncertainty to distribution laws, 

mean values, standard deviation. 9 5 % -  limit . . .  
the correlation rhac may exist becween measuring method and measured value; 

a 
the limited accuracy of all measuring methods: 

the uncertainty about the time dependenc values of temperature and moiscure 
a 

conrenc, chat the material will be submitted KO, during ics life span; 

the fact that, as far as a limited cemperature interval is considered, 

temperature has only a limited influence on the property value; 
a 

etc a 
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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 knovn. .etc. Other 

0 lists starr from: 
- if enough data far a material and property are available, a statistical 

a 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 

staristic*: the harmonic one, the arithmetical one? 

0 - 
the use of weight factors, correction terms, class concepts . . . ,  all 

implemented from the measured, so called laboratory data. Also here, the 

methodology must be handled with care and remain linked to reality. Using 

for example a correction to the measured thermal conductivity of an 

insulating material, to compensate for expected bad workmanship on site, 

may be wrong and give important errors in evaluating the thermal behaviour 

of the construction part in which the material is used. 

0 
In pracrice, lists of calculation values are useful in preliminary or simplified 

overall calculations. A more fundamental approach, as put forward in the next 

0 chapters, may ask not only for the calculation values but also for their 

relationships with the important influencing parameters. Searching for these 

relations, was one of the challenges of this part of che "Energy and 

condensation" annex work. 

0 
1.2.2 Examples of standard lists of calculation values 

Given in the catalogue report are: 

- Belgium: NBN 862-002 (ref.2); 

0 - the Netherlands: the "stichting bouwresearch" list (ref .3); 

0 - 
France: the CSTB document Regles Th- K77 (ref.4); 

- Germany: DIN 4108 (ref.5); 

- Italy: the "Talloncino di aggiornamento ~ ' 2  alla UNI 7357 (dic. 1974) 

(ref. 6) ; 

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

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

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

introduction to each list in the catalogue. 

0 
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1.2.3 Discussion 

- compared to =he survey of 21 hygrocherrnal properties, all scandard lists. 

exceoc the Dutch SBR- reDort 17. remain verv rescriccive: 
0 

LIST NUMBER OF WHICH 
PROPERTIES 

NBN 862-002 (8) 3 P.A,R 
SBR reporc 17 (NL) 10 P.c,A.~,-.vB 

6p,~,c,(E) 
RIgles th-77 (F) 3 p.1.R 
DIN 4108 (FRG) 3 p.1.P 
UNI 7357 (1) 2 p.1 

0 
BS: 5250 (UK) 2 r ,+1/Sp 0 

- only two lists contain infarmacian an parameter influences, other than the 

density: 0 
LIST PAMETER INFLUENCES 

NBN 862-002 ( 0 )  moisture content: i value for inside use, e value for out- 
side use 

SBR reporc 17 (NL) id. 

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

seen for some commonly used materials: 

MATERIAL PROPERTY VALUE 
8 NL F FRG I UK 

concrete Ai 1.7 1.9 1.75 2.1 1.9 1.67 
2400 co 2500 kg@ As 2.2 2.3 

cellular .A 0.045 0.05 0.05 0.045 0.055 0.063 
glass KO to to co 

120 to 200 kg/& 0.07 0.06 0.06 0.06 
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0 1.2.4 Conclusion 

0 Three conclusions may be drawn from the lists: 

- five of the six give poor information on the cotality of the hygrochermal 

0 properties of building, insulating and Liuishing materials: 

- the lists, except two in a rather elementary way, give no information on 

the influence of the most important parameters: 

0 - 
the calculation values given seem at least for same materials subject to 

discussion . . .  
or, working on a catalogue does not seem to be a last jab! 

0 
1.3 EXPERILIEHTAL METHODS 

1.3.1 Aim 

0 
Aim of this paragraph is. not to give an extended description of all measurine 

methods, but to sketch very shortly the physical principles backing these 

1.3.2 Methods 

0 
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; 

T.l.l SPECIFIC HEAT CAPACITY 

Measured for a dry material with a calorimeter. The value for a wet material is 

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

T.1.2 VOLWETRIC HUT CAPACITY - 
A calculated quantity 

0 
0 
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0 
SOURCE Bmx 0 

T.2.1 T H E W  CONDUCTIVITY 

Most measuring methods for the cherrnal conductivity go back to the steady-state 
0 

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 the sceady-state is reached, the heat flow through and the 0 
temperature difference over the sample are measured. Knowing the sample 

thickness d, the thermal conductivity follows from equacion (1.3) 

In a hot box-cold box apparatus, =he same £lac 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 thermal 

conductivity from a measurement of the thermal diffusivicy. 

T .  2.2 THERHAL RESISTANCE 

See thermal conductivity. 

T . 3 . 1  THEXHAL DIFFUSIVITY 

Can be derived from a non-steady-state measurement in a HEM-apparatus using two 

samples between the hot and the cold plate, and measuring the contact 

temperatures samples - plates and sample - sample. 

T.3.2 THEW& EFFUSIVITY 

A calculated quantity, e.g. coupled to a non-steady-state (measuring the 

diffusivity) and a steady-state (measuring the Thermal conductivity) cest in a 

HEM-apparatus, using the formula: 

A 
b - -  
6 

WYGRIC PROPERTIES 

H.1.1 U O I S m  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 bur also to the 

salt content. Also, for each material, a calibration is needed; 
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0- 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; .- gamma ray intensity attenuation, based on the relation between the wer 

density and the gamma ray transmissivity of the material; 

0- NNR- scanning, measuring the change in Hi-electron spin under a strong 

magnetic field. 

.Of these. the gravimetric procedure is the reference. . 
H . 2 . 1  VAPOUR PERWABILITY, VAPOUR RESISTANCE FACTOR, DIFFUSION THICKNESS 

 he dry and wet cup method is used to measure these properties: a sample of the 
material is mounted on a vapaurtight cup, partly filled with distiled water, s 

.saturated salt solution or a dessicant, held in a climatic chamber at constant 

.temperature and relative humidity, and weighed every 2 days co  every week. 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, vapour resistance factor or diffusion thickness can be 

calculated. 

.For complex systems such as masonry, roof coverings etc.,rhe (equivalent) 

diffusion thickness is derived from an interstitial condensation test. 

 or 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  HOISTURE 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 moiscure diffusivity follows from a space-time scanned change in moisture 

content during a 1-dimensional capillary uptake or drying test. . 
H . 2 . 4  THERMAL DIFF'USION COEFFICIENT 

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

steady-state temperature difference. 
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H.3.1 MOISTURE DIFNSIVITY 

See rnoiscure conductivity 

H.3.2 WATER SORPTION COEFFICIENT 

The water sorption coefficient resulcs from a capillary suction cest, scanning 
0 

the weight increase a s  function of cime. Redrawing the resulcs in e <q. - cb-• 
curve (q, in kg/&; t in s) normally gives e syscem of 2 straight lines, the 

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

figure 1.3 The capillary suction test: mc (5)- representation 

0 
A.l.l AIR CONTENT 

Far most porous materials.che air content is given by the total porosity. This 
0 

property is measured by vacuum saturation of the material. 0 

A.2.1,' A.2.2 AIR PWIEABILITY. AIR PWIEANCE 

Both properties are measured with a sample of the macerial or a layer fixed 

against an underpressure box, correlating the pressure difference with che 
e 

airflow through the material or material layer. For air-open, porous materials. 

this correlation <airflow-pressure difference> is e 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 rr? being the 

derivative of this function. 

0 
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@1.3.3 
Standards 

T h e  measurement of properties supposes conEormity with and the use of 

srandardised methods. Otherwise, tests could be performed with different 

@parameter values, vith non reliable techniques or with the implicit goal to use 

such a combination of influencing parameters, that the result obtained is as 

@positive as possible. Hovever, until nav, national or/and international 

measuring method standards exist for only some material properties. 

THERHAL CONDUCTIVITY, THE8XAL RESISTANCE 

In most countries,a standard is accepted for the guarded hot plate, the heat 

flov 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 HEM GHB CHB NSS 

B 862-201 862-203 862-204 862-202 
ERG ~ 1 ~ - 5 2 6 1 2  
I LlNI 7745 UNI 7891 
NL NEN 7043 

UK BS 874,Z.l BS 874.3.1 BS 874.3.2 
IS0 DIS 8302 DIS 8301 DIS 8990 DIS 8990 

GHP: guarded hoc plate; HFM: heac flov meter; GHB: guarded hot box 
CHB: calibrated hot box; NSS: non-steady-state 

VAPOUR PEBMEABILITY, VAPOUR RESISTANCE FACIOR, DIFNSION THICKNESS 

Only some countries have a standard, describing the dry cup- vet cup diffusion 

test. Also, an ISO- standard exist: 

dry cup - VeK cup capillary suction 

COUNTRY STANDARD COUNTRY STANDARD 

B B B 05-201 
ERG DIN 52615 ERG DIN 52617 

0 I I 
NL NL 

0 UK BS1 DD146 UK 
IS0 ISO/R1663 IS0 

WATER SORPTION COEFFICIUiT 

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

ISO- standard exist: 
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1.4 EXPERIFENTAL RESULTS 

1.4.1 Haterials and components tested 

In the frame of Annex 14, properties have been measured of: 

b: BUILDING MATERIALS 
bl concrete 
b2 light-weight concrete 
b3 cellular concrete 
b4 polystyrene concrete 
b5 mortars 
b6 bricks 
b7 sand-lime stone 
b8 masonry: bricks 
b9 masonry: concrete blocks 
b10 masonry: sand-lime stone 
bll masonry: cellular concrete 
b12 gypsum plaster 
b13 outside rendering 
b14 timber 
b15 particle board 
b16 plyvoad 
b17 woodwool-cement board 
bl8 fibre-cement 

i: INSUIATING MATERIALS 
il cork 
i2 cellular glass 
i3 glass- wool 
i4 rockwool 
i5 expanded polystyrene 
i6 extruded polystyrene 
i7 polyurethane foam/ polyisocyanurate foam 
i8 perlite board 

f: FINISHING MATERIALS 
£1 wallpaper 
f2 wallpaint 
£3 carpet 
£4 timber slabs 

v: VAPOUR RETARDERS 

c :  COMPONENTS 
Cl gypsum board 

0 :  OTHERS 
01 newspaper 
a2 periodicals 
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J."-' Analysis of the data 

@ 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: 

0 
2.1 T H E W  GONDUGTIVITY 

- density : linear ox  exponential 

temperature : linear 

- moisture content linear 

e 
@. 1.1 UOISTURE CONTENT 

- relative humidity (hygroscopic moisture content): 

l the sorption and desorption curves have been fitted with a function 

a . 2 . 1  DIFWSION RESISTANCE HUIlBER 

0- 
density: linear or exponential 

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

0 1 
P - 

Bl.+" + B2 
For wood and the wood linked ones, an exponential relation is taken: 

a. 3.1 UOISTURE DIFFWSIVITY 

0 Is, as far as the water sorprian coefficient and the capillary moisture 

content are known, calculated with the formula: 

0 a- 0.006738. (A/w,)z. exp(6.4. w/w,) 

0 
ALL OTHER PROPERTIES 

cave only randomly been linked to one or another parameter (mostly the densiry) 

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 

eependence, by definition incomplete. If more information becomes available. 

further refinements may be necessary. 

0 
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1.4.3 Database 9 
The results are summarized in the 'Catalogue of Material Properties'- databas B 
121. The dacabase concerns 'measured values, without any correction for practice 

purposes'. 

1.5 REFERENCES AND LITERATLIRE 
a 

Hens H., Kataloog van hygrothermische eigenschappen van b o w -  e# 
isolatiematerialen (Catalogue of hygrothermal properties of building and 
insulating materials), RD- Energie, Technisch Eindrapport 1.1, 1984 @ 
IEA-Annex 14, Condensation and Energy. Catalogue of Material Properries 
Acco. Leuven, 1991 ,a 
NBN 862-002, Berekening van warmtedoorgangscoafficianten van vanden v a e  
gebouven/ Calcul des coefficients de transmission chermique des parois des 
bntimencs, BIN-IBN, 1986 a 
Stichting bouwresearch, Rapport 9: Eigenschappen van Bouw- en Isolatie- 
materialen, 2e gewijzigde druk, Samson Uitgeverij, Alphen a.d.Ri jn, 1974 @ 

DTU, RIgles Th- K77, Cahiers du CSTB. cahier 1478. 1977 I. 
DIN 4108, UBrmeschuCz im Hochbau, UBrme- und Feuchteschutz, technische 
Kenwerte, 1981 @ 
UNI 7357. Talloncino di sggiornamento no 2 a 
BS 5250. 'List of material properties' a -- 
NBN 862- 201, Bepaling in droge toestand van de chermische geleidbaarheid 
of van de thermische permeentie van de bouvrnaterialen door de methode van 
de verwermingsplaat met schutsring / Determination B l'etat sec de la 0 
conductivite thermique ou de la permeance thermique des materiaur de 
construction par la methode de la plaque chsuffante B anneau de garde. 1977 

NBN 862-203, Bepaling van de thermische geleidbaarheid of de chermische 
permeencie van bouw- en isolatiematerialen met de methode van de 
varmtestroommeter/ determination de la conductivite themique ou de la 

0 
permeance thermique des materieux de construction et des msteriaux isolants 
Par la mhthode du fluxmItre, 1977 

NBN 862-204, Bepaling van de thermische geleidbaarheid van homogene 
bouvmaterialen met de parallelsonde/ Determination de la conductivit6 

a 
chermique des materisux de construction avec la sonde parallele, 1977 

NBN 862-204, Bepaling van de varmtetransmissiecoaffici~nt van bouvdelen/ 
Determination du coefficient de transmission thermique des ClCments de 
construction, 1979 

a 

DIN 52 611. Bestimmung des UArmedurchlassviderstandes von Wlinden und Decken 
a 
a 

C!MPIW 1 : MATERIAL PROPERTIES PAGE 1.30 4 

4 



l 

l 
e E A  ANN= XIV "CONDENSATION AND ENERGY" 

DIN 52 612, Bestimmung der Warmeleicf.3higkeit mit dem Plattengerdt 

U N I  7745, Decerminazione della conduttiviti termica con il metodo della 
piastra calda con anello di guardia 

UNI 7891, Determinazione della conduttivita termica con il metodo dei 
rermoflussimstri 

NEN 7043, Platen van hard Polystyreenschuim voor thermische isolatie. Eisen 
en beproevingsmethoden. 

BS 874, Determining thermal insulation properties. Part 1. Introduction, 
definitions and principles of measurement. Part 2, section 2.1, Guarded hat 
plate method. Part 2, section 2.2, Guarded hot box merhad. Part 2, section 
2.3, Calibrated hot box merhad., 1986- 1987. 

IS0 DIS 8302. Thermal insulatian- Determinatian of steady-stace areal 
thermal resisrance and related properties- Guarded hat plate apparatus. 
1987 

IS0 DIS 8301, Thermal insulatian- Determinacion of steady-state areal 
thermal resistance and related properties- Heat flow meter method. 1987 

IS0 DIS 8990, Thermal insulation- Determinacion of steady-stace thermal 
transmission properties- Calibrated and guarded hotbox, 1987 

DIN 52 615. Bestimmung der Wasserdampfdurchlassigkeit von Bau- und 
Damstoffen. Teil 1: Versuchsdurchfiihrung und Versuchsausvertung. 1973 

UNI 9233, Decermlnazrone delle proprlera dl rrasmlsslone del vapore acqueo 
dr maLerlall da cosrrurlone ed lsolantl rermrcl. 1986 

BSI DD146, Mechods of test far vater vapour transmission resistance of 
sheet materials used in buildings. 1986 

(IS0 R1663). Determination of vapaur permeability of building and 
insulating materials, project 

B 05-201, Proeven op bauvmaterialen: vorstbestendigheid, 
vateropslorpingsvermogen door capillariteit/ Essais des matCriaux de 
canstruccion: GClivitC, capacite d'impregnatian d'eau par capillarite, -1976 

DIN 52 617, Bestimung der kapillaren Wasseraufnahme von Baustoffen und 
Beschichtigungen. Versuchsdurchffihrung und Versuchsausvertung, 1979 

Knapen M.. Hygroscopisch vochtgehalte van bouvmaterialen, Kapillaire 
patentiaal in funktie van her vochtgehalte, poriCnverdeling in 
bauvmaterialen (Hygroscopic moisture content of building materials, suction 
potential as function of the moisture concenr, pore distribution in 
building materials), XU- Leuven 1987 

Hansen K., Sorptionsisotermer. Programme- og brugerdokumentation for 
programerne Dataind, Sarpf, Desorpf og Udtegn Era disketten Sorption, , 
rechnical University of Denmark, Deparcment of civil engineering, Building 
Materials Laboratory, Teknisk rappart 163,' 86 

@CLUPTFR 1 : MATERIAL PROPERTIES 

l 

PAGE 1.31 



0 . 
IEA ANWU XIV "CONDENSATION AND ENERGY" SOURCE Bw * 
30 Hansen K. Sorpcion Isotherms, a catalogue. Technical University of Denmar 

rapport 162/ 86 
Department of civil engineering. Building Materials Laboratory, Teknis 

. . 

' . 
Carpentier G., De hygrotermische eigenschappen van bouv- e u  
isolatiematerialen en her grensgedrag in aanvezigheid van vocht (Th(L hygrothermal properties of building and insdaring materiels and the limi 
state behaviour in the presence of moisture). tekst Kursus ' Termische 
Isolatie en Vochtproblemen in gebouwen', TI-KVIV. 1976-1985 . 
CNR, Repertorio delle caratteristiche termofisiche dei componenti ediliz 
opachi e transperenti, Roma, 1982 

Ruscica G, Vaglio M. , Sulla conduttivitA termica dei calcestruzz~ 
alleggeriti, Condizionamente dell'aria, Riscaldamento. 
Refrigerazione,l986/6 . 
Ruscica G, Vaglio M., Vannelli G..Caratteristiche termiche di componenti 
edilizi, Condizionamente dell'aria. Riscaldamento. Refrigerszione,l984/3 

ISO/TC 163/ SCI N 142 E, Thermal insulation- Moisture effects on hea 
transfer- Determination of hygrothermal transmissivity. 1988 b 
ISO/TC 163,' SC 2 N 114 E, Design chermal properties of materials an* 
products 

CIBSE-GUIDE A3, Thermal properties of building structures, 1980 

Prangnell R.D.. The water vapour resistivity of building materials: a 
literature survey. MatCriaux et Construccions, 1971/24 

BDA dakboekje 1988 (Roof booklet 1988) o 
Rijksgebouwendienst, Rekenvaarden voor de warmtegeleidingsco6fficiCnt van. 
isolatiematerialen, Rapport 1209.03. 1209.06, 1985- 1986 

PBNA, polytechnisch zakboekje, 39e druk 

TU Delft, Bouwfysisch Tabsllerium, 1987 

Uyttenbroeck J.. Carpencier C., UaterdampgeleidingscoCfficient 
diffusieweerstandsgeral van bouvmaterialen, UTCB, 1982 en. 

Becker R.. Katz A.,Effect of moisture movement on tested thermal. 
conductivity of moist materiels, ASCE Journal on Building materials in 
Civil Engineering. 0 
Bomberg M., Klarsfeld S., Semi empirical model of heat transfer in dry 
mineral fiber insulations. Journal of Thermal Insulation, 1983/6 . 
KU- Leuven, Laboratorium Bouwfysica, Heasuring reports. 1975-1990 All 
experimental data, gathered between 1975 and 1990 ere compiled in a 
handwritten database and in Lotus 123 spreadsheet files. These files form 
the base of the catalogue. @ 

CWIPIER 1 : MATERIAL PROPERTIES PAGE 1.32 



IEA ANHLX xrv "CONDENSATION AND ENERGY" 

MOULD 

Authors: 

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

C. Sanders 
BUILDING RESEARCH ESTABLISHMENT, Scotcish Laboratory 
Kelvin Road, Easc Kilbride. Giasgov G 7 5  ORZ, United Kingdom 

' 2.0 INTRODUCTION ' As stipulated in the summary, condensation occurs vhen humid air is cooled below 
its dew point, depositing liquid wacer as a mist in the air or as a film of 

droplets on surfaces such as windows. Although the condznsed water can in itself 

be nuisance ac times, the mosc significant cause of distress LO occupants is. 

with high relative humidities, the promocion of the germination and growth of 

'moulds on wall surfaces and on furnishing or clothing. Surfaces are disfigured 

causing psychological disrress LO the occupants as the house appears 'dirty'; 

unpleasant 'musty' odours are noticed; questions are raised as to healch hazards 

from spores released by the moulds. 

'The moulds that grow in houses are normally members of the DeuteromyceLes 

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

limiting conditions for growth and identify successful control strategies, we 

need to understand the basic biology of the organisms. As hundreds of thousands 

of differenc species of fungi are know to exist, this could be an almosc a .  impossible task. However the more important groups thac occur in housing are 

@represented by only a few tens of species on which research has been 

concentrated ' ' 
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A number of condicions have KO be met for the successful germination and g r o w c a  

of moulds: 

Fungal spores must be present 

Oxygen 

Suitable temperatures 

A nutrient substrate . 
Water 

The first four of these are readily available in housing; spores are always* 

available from the outdoor air; oxygen is obviously present; temperatures 

be~wccu 10 and 30°c,  typic;,l ' r o n ~ r '  Lcmpernturcs, n r c  . s u i r n h l r  for tmo~lld p.~.owth: 
. 

even the cleanest house has an adequate nutrienc supply. The key faccor. 

therefore is the presence or absence of available warer. . 
This chapter summarises the relevant microbiology of the fungi and discusses the 

important species. the condicions for their growth and possible concrol 
. 

sCraKegies in che light of recent research. In recent years three aspects have. 

received particular attention: 

1. The traditional view chat accuel condensation, wich che deposition of 

liquid water, has to occur to promote mould growth has been shown KO be 
. 

untrue. 

The concept of water activicy (a,) of surfaces has been introduced by 
e 

microbiologists to quantify the water available to the organisms. Ic can in 0 
steady-scate conditions be thought of as the relative humidicy ac the 

surface divided by 100. 
. 

Experiments have shown chat importenc moulds can germinate and grow at 

vacer activities significantly belov one, as low as 0.8 in some cases. This 

obviously imposes a more stringent conscrainc on internal climates than the 

need to avoid saturation at the surface. . 
2 .  It has become apparent thee greac care must be taken when aerial sampling 

is carried out, KO obtain spore counts represencative of long term 

conditions wichin the house. In fact it appears that at any moment in cime 

the number and cype of spores in the air depend as much, if not more. 
On . 

the degree of activicy in che rooms, than on   he amounc of mould growth on 
the walls. It is unlikely chac a single visic will produce represencative 
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data; repeated visits with careful note being taken of household 

characteristics and recent activities are essential . 
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 co allergies, there is little 

dcCinitc evidence Ii~~king mould growtll LO spccilic hcnlch problems 

However, it is certainly right to accept that the widespread growth of . moulds on the interior surfaces of our houses is unacceptable in todays 
world. 

. Moulds are characterised by a distinctive, filamentous vegetative structure 

known as the mycelium. This consiscs of a branching system of walled tubes, che 

hyphae, which exwnd 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 . chat become detached from the pirent and give rise r o  new individuals. 

/' 
Germination 

Spore my.. 
\ + 

1 

4 Development of 
mycelium 

mycelium . 
Figure 2.1: The live cycle of a mould fungus . 
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Mould spores are liberated from che parenc either passively vich the required. 

energy provided by an external source such as wind or by active discharge wich 

che 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 exhibic, ~rimarily their enormous spore production. A@ 

colony of Penicillium, 2.5 cm in diamecer, may bear 4 x 10s conidia 155) and 

sporulation of Clados~orium cladosoorloldes . . is estimated to reach 2 . 5  x 10' 

spores mg-1 dry mycelium under moisc conditions [47]. Ocher important factors 

are the ability of spores co  retain the power to germinate over a wide range of 

temperatures, relative humidities and lighc energies, co resist dessicacion and@ 

the ease aE spore liberation. 

Houlds are present ac all times out of doors on dead and decaying organic marter a 
and in che soil. However Gregory ( 4 4 1  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-3 of air. mile the numbers 

decline during the vincer to several hundred m-3 1541 because of the normal air 

exchange between outdoors and indoors, for example through open doors and 

windovs, a source of mould spores is always present in the air of ell dwellings. 

Spores vhich have settled on to surfaces, along uich dust particles, can be 

resuspended via household activicy and also the popularity of houseplants 

especially in countries like The Netherlands has produced a possible source of 

infection indoors. 

REQUIREHENTS FOR GROWTH 

Apart from a source of spores, which as mentioned previously are alvays present 

in che air, the main requirements for the gravth of moulds are: 

Oxygen 

Suitable temperature 

Nutrients 

Moisture 
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Mosr filamentous fungi are obligate aerobes, i.e. they are unable to grow in the 

complote absence of oxygen, although a "cry minute amount is o f t e n  suificienc. 

For example m u m  rooueforti can grow at an oxygen concentration of less 

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

is sufficient to permit the grovth of moulds. 

Temoerature reauirements 

In general, moulds can exist over a very wide range of temperatures. Individual 

moulds obviously have an optimum temperature range which assists in broadly 

classifying moulds according to their temperature requirements - psychaphilic, 

mesaphilic and thermophilic. Far 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. 

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 utilise a vide range of carbon compounds is 

remarkable. Normally in nature, the organic material in the substrate vould 

usually furnish the nitrogen for growth of fungi. However,  most imperfect fungi 

are able to utilise inorganic nitrogen in the form of nitrares or ammonium as 

sources of nitrogen. Similarly naturally occurring organic compounds often 

furnish all the inorganic salts necessary for growth. The level of these 

nutrients required is minimal and perfectly vell satisfied by normal levels of 

dust and other deposits even in vell cleaned and maintained homes. ',his is also 

the reason why moulds often occur on materials containing no organic substances, 

such as stone, mortars and plasters [20]. 

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 susceptible to adverse environmental pressure. 
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Absorption of moisture from the environment occurs chiefly via osmosis (passive 

transporc) buc the cell can also cake up water and ocher molecules against a 

diffusion gradienc (active transpore) using enzymes in the cell membrane at che 

expenditure of a large amounc of energy. A mould can also absorb wacer molecules 

from the atmosphere in this manner, if the relacive humidicy is sufficiently 
a 

high. Beside absorbing water from =he surrounding environment, the cell also 

produces water itself via energy-metabolism, for example the breakdovn of 

carbohydrates and fats releases water (2). a 

2.2 SAWLING TECHNIQUES 

2.2.1 Air sampling a 
The basic scrategy of air sampling is co collect micro-organisms, by optimum - 
means. and demonscrate cheir presence by appropriate methods. This has resulced 

in a large number of devices being produced as discussed by Davis 1321, Gregory 

[ L 4 ] .  Chatigny ec al. 1271 and Beaumont [lo] among others. The various mechods 

can be divided into three groups: a 
- non viable spare samplers 

- viable samplers 

- immunological analysis. 

Immunological detection is a fairly new technique which is racher expensive, 

requiring sophisticated labaracory apparatus. However, it is probably of use in a 
determining which particular mould species induces allergy in mould sensitive 

asthmatics. Non viable sampling relies upon the presence of discinct 

characteristics on che spores enabling detection among the background ino'rganic 

parcicles. -. Pen- and other small spored genera are virtually 

indistinguishable using this method from background dust particles. Because a 
these genera tend co predominate indoors ( s e e  2.3). sampling for viable micro- 

organisms is the best means of determining the level and range of moulds present 
a 

in che air of dwellings. 

The oldest and most common viable sampling technique is the "Sectle Place" 

method which may be considered a useful technique for giving a semi-quantitive a 
impression of moulds indoors [I121 but is no longer the method of choice for 

decailed analysis 123,1061. Most ocher sampling devices draw a knovn volume of 

air chrough an orifice by means of e vacuum pump, ecceleracing the air co  a 
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point where spares are impacted onto an agar surface or into liquid. The major 

drawback of this method is that it relies an short sampling periods, therefore 

the duration time and location of sampling are all important in derermining 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 spor air samples, i . e  single visits 
to dwellings, provide some information, this is only of limited value 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 vaiies from house to house depending 

upon the conditions: in dry clean houses the sample time will be longer than in 

damp rnouldy 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. [I121 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 

spares collected at different heights within a room can also differ [ 9 5 1 ,  

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. 

a 
In a comprehensive comparison of air samplers and culture media [112] it was 

found that malt extracr agar (PY(A) and dichloran glycerol 18 agar (DG-18) gave 

the highest yield in terms of numbers and range of moulds isolated. PY(A is 

widely used in aerobiological studies, [10.14,15,25,54,68,112] allowing 

comparisons to be made, and for chis reason and its apparent usefulness as a 

broad spectrum collection media. the use of KXA is recommended. 

0 
As will be discussed in Section 2.3 it appears that the number of spares 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 mom, number 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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s e v e r a l  a u t h o r s  [60 .61 .76 .104] .  while o t h e r s  have recorded l e v e l s  of between 

13000 and 20000 spores  m-3 ( 1 2 , 1 7 , 5 2 , 1 0 5 , 1 1 2 ] .  However Hunter ec a l .  154) a l s o  

.noted counts  i n  s e v e r a l  d v e l l i n g s  o f  approximarely 20 000-116 000 i n d i c a t i n g  

t h a t  l a r g e  numbers of spores  may be presen t  i n  che a i r  a t  c e r t a i n  cirnes. These 

indoor l e v e l s  of a i r b o r n e  s p o r e s  can be seen  i n  p e r s p e c t i v e  when compared wi th  

@ l e v e l s  o b m i n a b l e  i n  the  work environment. Kolmodin-Hedman e t  a l .  [ 5 7 ]  recorded 

l o 6  c f u  m-3 i n  the  basement of a museum where mouldy books were s c o r e d ,  while  

'bath Lacey 163) and Str6m and Blomquist (1081 found rhe concent ra t ion  of spores  

i n  f a c t o r i e s  where mouldy products  v e r e  being handled somerimes exceeded 108 m-3. 

Also outdoors  dur ing  the summertime counts  of >30 000 s p a r e s  were f r e q u e n r l y  

O r e c o r d e d  1661 and up t o  100 000 Cladosporium spores  m-3 i n  t h e  UK are p o s s i b l e  

.While the  a i r  spora indoors  i s  o f t e n  considered t o  be a r e f l e c ~ i o n  of =ha t  

ourdoors ( b u t  a t  a reduced l e v e l )  dur ing  the  s p r i n g  t o  autumn per iod  [ 1 , 6 7 ] .  rhe 

.airborne spare  count v i r h i n  d v e l l i n g s  dur ing  rhe win te r  i s  normally g r e a t e r  than  

outdoors  [ 1 1 , 1 2 , 5 4 , 7 9 , 1 0 5 ]  

'For example Solomon I1041 reporred councs from >10 t o  20 000 i n  homes i n  =he 

.midvestern s t a r e s  of America while t h e  ours ide  counts  never  exceeded 230 c f u  

m-3. The councs outdoors  i n  Canada were repor ted  t o  be n e g l i g i b l e  w h i l s t  those 

indoors  were >lo00 c f u  m-3 (791.  

'The wide v a r i a t i o n  observed i n  t h e  numbers of s p o r e s  i n  t h e  indoor afmosphero 

(F igs  2.2 and 2 . 3 ) ,  bo th  between and w i t h i n  i n d i v i d u a l  dwel l ings  [54 ,68 .112]  

i n d i c a t e s  l i t t l e  can be deduced from s i n g l e  a i r  samples. Verhoeff e t  a l .  (1121 

found t h a t  even p l a t e s  from success ive  samples showed a degree of v a r i a t i o n  i n  

che number of c o l o n i e s  appear ing ,  bu t  t h i s  might have been due t o  the  s h o r t  

.sampling t ime.  This  v a r i a t i o n  can  a l s o  be a t t r i b u t a b l e  t o  the e x t e n t  of v i s i b l e  

.mould growth and t o  the  n a t u r e  and e x t e n t  of any d i s rurbances  i n  t h e  d u e l l i n g .  

Routine monitor ing of d v e l l i n g s  i n  t h e  UK revea led  t h a t  t h e r e  was a n  increased  

chance of the  spore c o n c e n t r a t i o n  exceeding 5000 m-3 when t h e r e  was mould growrh 

on any s u r f a c e  i n  t h e  room i n  v h i c h  t h e  a i r  sample was c o l l e c t e d  [ 5 4 ] .  Holmberg 

(521 e a r l i e r  repor ted  t h a t  spore  counts  d u r i n g  still per iods  i n  "mould-free" 

.dwellings were 6  t o  2200 spores  - 3 ,  w h i l s t  t o t a l s  of 10 000 t o  15  000 were 

l i k e l y  where t h e r e  v a s  s u r f a c e  mould growrh. . 
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Figure 2.2 and 2.3 

Number of Colony-forming units in air samples taken weekly in t w o  dwellings 

(after Hunter et a l )  
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@ ~ a r ~ e  temporal fluctuations in concentration can occur, for example, when 

furniture is moved or a vacuum cleaner is used. Swvebly and Chriscensen 11091 

@and Maunsell 175) demonstrated that dust-raising activities such as shaking 

@bedding and sweeping carpets or floors could increase counts on sectle plates up 

to 14-fold. Some measurements have also been made on the extenc and duration of 

@spore release following physical disturbance by hand brushing of an area of 

mixed mould grovth 154). Counts 0.3 m from the wall increased by a factor of 

@approximately 400 to nearly 900 000 cfu m-3 immediately after brushing. Away 

@from the wall the maximum count vas recorded afcer 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 vere still very high. 

Physical dislodgment of spores, for example by cleaning or occupants 

@accidentally brushing against surfaces, vould therefore appear to have an 

i m p o r t a n t  role in discributing spores and boosting che count in the acrnosphere. 

@Examination of data from 26 published aerobiological surveys of the indoor air, 

mainLy from Europe and North America (Table 2.1) revealed that Penicillium 
@- and vere isolated in the most number of surveys. Fungi 

in the genera and are generally held to be particularly 

characteristic of the indoor air spora [1,13,104]. 

This was also reflected in che recent studies [54,68.112], vhose vork has been 

submitted to IEA, where 36 Penicilliurn species vere identified, the largest 

n u m b e r  of species assigned to one genus, 15 species of vere recorded 

(including Urotium sop. now considered synonyms of BSE9IgillJ1S) [ a ] .  Hovever 
only Aapszgillus v e r s i c o h  and dour penicillia (P a t , ,  

P.chrvsogaur~. P.corvloohilwn and . . 
) vere recorded by all three 

groups. 

A p a r t  from the previously mentioned aspergilli and penicillia only six species 

recorded from air samples by the chree groups, these vere: AEremoniw aW& m a  aim, . . oull-, 

&&x22?rioides, C. s o h a e r o s ~ w  and -. 
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Table 2.1: FREQUENCY OF OCCURRENCE OF COMMON MOULDS IN AIR SAHPLES TAKEN FROM 
26 PUBLISHED STUDIES 

Penicilliwn 100 Geotrichum 38 
Aspergillus 92 Helminthosporium 38 

. 
Cladosporium 92 Monilia 35 
Alternaria 8 5 Scopula~iopsis 35 
Aureobasidium 8 1 Scernphylium 31 

0 
Fusarium 7 3 Verticillium 3 1 
Mucor 69 Curvularia 27 

. 
Phoma 
Epicoccum 
Rhiropus 
Trichoderma 
Botrytis 
Acremonium 
Paecilomyces 
Chaetomium 

Nigrospora 2 7 
Stachybotrys 2 7 
Torula 2 7 
Trichothecium 2 7 
Gliocladium 2 3 
Oospora 19 
Ulocladium 19 

Daca derived from: Ackermann et al. (1969); Burge er al. (1980); Chen & Chuang 
(1975); Fergusson et al. (1984); Flensborg & Samsoe Jensen (1950); Fradkin ec 
al. (1987); Gravesen (1972); Hirsch & Sosman (1976); Hunter et al. (1988); Korak 
et al. (1980); Leverin & Hureuitr (1978); Lombard1 et al. (1988); Lmpkins & 
Corbit (1976); Lumpkins er al. (1973); Maunsell (1952); Popescu & Caperti 
(1971); Richards (1954); Ripe (1962); Rogers (1983); Schaffer et al. (1953); 
Sneller 6 Roby (1979); Solomon (1975); Van der Werff (1958); Verhoeff et al. 
(1988); Wallace et al. (1988): Wallace et al. (1950); Wray & O'Sceen (1975). 

Table 2.2: FREQUENCY OF OCCURRENCE OF ConnoN MOOLDS ON WALL SURFACES TAKEN 
. 

FROM 14 PUBLISHED STUDIES . 
(I) (I) 

Aspergillus 93 Phoma 
. 

36 
Penicillim 85 Ulocladium 36 
Cladosporiun 71 Acremomim 29 

. 
Auresi-.;sidiwn 64 Paecilomyces 29 
Alternaria 5 7 Scachybotrys 29 
Scopulariopsis 43 Fusarium 

, . 
2 1 

M U C O ~  36 . 
Data derived from: Adan 6 Weersink (1988); Barry (1978); Burr ec a1. (1988); 
Erhorn (1988); Fergusson et al. (1984); Hirsch & Sosmen (1976); Hunter et al. 
(1988); Kozak et al. (1980); Lomberdi et al. (1988); Miller & Holland (1981); 
Richards (1954); Senave (1988a); Van der Werff (1958); Wray & O'Stean (1975). 
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5.'-' 
Prevalence of moulds on surfaces 

W ~ e r e i l l u s ,  and Wadosoorim were again che masr commonly isalaced 

genera in surveys of indoor surfaces (Table 2.2) and samples of house dust. 

m ~ a b l e  2.3). The general trend in the frequency of occurrence of che ather 

fungal genera on surfaces was also similar to that from air samples (Table 2.1). 

.As occurred wich daca provided from air samples by IEA Annex X1V participants 

v r c  and P.chrvsoeenw were again che most common 

aspergilll and penicillia from surface samples taken in Belgium [100], Italy 

a 68 1 ,  ' 1 ' 1 ~  Ncl-hcrlands I ? . ) .  t icrt~inlty 135 1 and I:llc UK I S / # ]  . 
aadosooriw species were isolated from surfaces in four countries and found in 

.dust samples in the fifth (The Netherlands). Most species of As~ereillus and 

are considered to be xerophilic, i.e. capable of growch at an a, of 

0.85 or below [88], and species of Clados~orium can also grow at levels below 

m . 8 5  [41]. Anocher xerophile, KaL&a was predominant in samples taken by Adan 

and Weersink 1 2 1 .  This may explain why these genera are frequently isolated from 

.dwellings. 

yl relationship between the occurrence of a fungus on a mouldy surface and ics 
appearance on sample plates was observed by Lombardi et al. (681. They 

.Identified Cladornori haeros~ermum from mauldy wallpaper and paint which 

comprised >85% of the cfu's identified, while on settle places the species 

.accounted for 67% of colonies. This was also noted by Hunter et al. [541; when 

St was predominant in mould growths it occurred in 86% of the air 

samples and spore counts up to 17 900 of this species vere recorded. Senave 

.[lo01 isolated a larger number of species from wallpapered (13 species) rhan 

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. 

[681 in the same room found 12782 cfu from a painted surface but only 96 from a 

.similar area of "mouldy" wallpaper. This they suggested was rhe result of the 

differing nutrient sources. However C .sDhearosDermum was the dominanc organism 
O a t  bath sites and one must assume that other physiochemical factors on the 

.painted surface were also more amenable.to grovth af micro-organisms. 

.Colonisation of a surface is dynamic, responding to and being influenced by the 

immediate environmental conditions; during the early part of the winter when the 

.surface van still relatively dry Grant et al. [41] reported xerophilic organisms . 
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T a b l e  2.3: FEQUENCY OF OCCURRENCE OF COttttON IiOULDS IN LUST SAHPLES TAKE 
FROtt 6 PUBLISHED STUDIES 0 

Aspergillus 83 Alternaria 50 
Cladasporium 83 Mucor 50 
Penicillium 83 Rhizopus 50 
Aureabasidim 50 Trichoderma 50 
~p - - ~p - -p ~p 

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

0 
Table 2.4: THE FEQUENCY OF OCCURRENCE OF ttOULD SPECIES ISOLATED FROtt WALLS 

IN FOUR WELLINGS (after [ 9 9 ] )  

(a) On wallpapered ( b )  On painted 
surfaces surfaces 

a 
(X) (1) ,e 

b l k z  . . 
ureobasld~um ~ u l w  
W o s ~ o r i u m  clad- . . 
C.herbarum 

candldm 
w. 
W i l  c e s  variotii 

~ u m  brevicomoact~ 
P.CVC~OD~WP 

Scouulario~sis brevicaulk 
W a d i w  consort- 

( m u m  son. and Asgs&lb versicoh) were predominant bur: as che winter 

progressed and conditions became very vet Ulocladd and -trvs atra vere 

dominenc. 

Other auchors suggest thac decay increases the vater availability KO moulds (341 
a 

or thac "conditioning" of the surface by moulds has co  occur prior to 

colonisation by perhaps more demanding species (87,1181 
4 

C W P ~  2 : MOULD PAGE 2.14 



Y E A  & n i l  xi" "CONDENSATION AND ENERCY" S O ~ C E  Bmx 

Y.4 LIUITING GONTJITIONS FOR GROWTH 

elthough the factors influencing grovch are discussed separately, rarely (if 

ever) do they act independently and are also subject ca fluctuaKion. The reader 

e h o u l d  bear in mind that along vith other factors not discussed such as pH or 

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

.cscrcs on rhc  colonisatiw~ r , t  surCnccs by rnottldr;. 

.2.4.1 

Temperature 

Below 0°C. fungal cells may survive but rarely grow, and above 4 0 ' ~  most cells 

@stop growing and soon die, but between these temperatures fungal activities 

.Increase and decrease 1331 probably due to the effect of temperature on enzymes 

involved in growth. While most moulds have minimal temperatures of 0-5'~, some 

.Isolated from domestic dvellings (such as Cladosoorium herbarum and Penicillium 

nsum) can grow readily on meat at freezing point and even a few degrees @:Iv (21, and a yeast has been reported as growing at -34.~ (531. Six mould 

ypecies selected because they were commonly isolated from air and surface 

samples of dvellings grew to a certain extent at 5.C on agar, emulsion painted 

&.llpaper and emulsion painted plaster (411. Senave [99] reported that 
. . 

en~clllium cvclonium was able to grow at 30'~ on all nine combinations of 

a t  and surface finishes examined. h e  t i n  of various species to 

temperature has also been examined by Waubke and Wallndfer [115]. . 
e . 4 . 2  Water activity of the surface 

*he susceptibility of different substrates in dvellings to mould mainly depends 

ylpon the vater activity (h) in the particular substrate. Water activity i s  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 subsrrate t o  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 

@ir except that the latter is commonly expressed as a percentage. When a 

subsrrate is placed in an atmosphere of fixed RH it will absorb and/or loose 

&oisture until it comes into equilibrium with the atmosphere. At this point the 

vater 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. growtm 

and sporulation of moulds on artificial media (Table 2.5). From published dat b it can be seen thac germination of fungal species occurs at an a, below thac to 

sustain linear growth end likewise the minimum a, value f o r  sporulation of 

particular species is often higher than chat required for linear growth. 

Table 2.5: MINIMUM UA1'Uh' ALl'IVl1'IL'S NUiL'D IN 1'11C LlTL'M1'UW 
0 

(a) germination (b) growth ( c )  sporulation 

Alternaria alternara O.ES(H.5) 0.85(M):0.88(H) 0.90(H,M) 

Aspergillus versicolor 0.74(N);0.75(5) 0.75(M):0.78(C,H) O.BO(H,M) 
0.76(H) 

Cladosporium cladosporiodes O.85(E,K);O.t(6(tI) U.8t((ll) 
0.90(D) 

Penicillium brevicompaccum 0.78(G):0.80(H) 0.81(C);0.82(H) 0.85(H) 
0.81(K) 

Penicillium chrysogenum 0.79(A):0.78(G) 0.79(C);0.85(L) 0.86(M) 
0 

0.81(F.I);0,84(L) 0 
Stachybotrys atra 0.85(B);0.90(0) 0.94(B,C) 0.96(5) 

KEY: A Armolik 6 Dickson (1965) I Mislivec 6 Tuite (1970) 
B Ayerst (1969) J Panasenko (1967) 
C Christian (1980) K Pelhate (1968) 
D Galloway (1934) L Pict 6 Christian (1968) 
E Grant et al. (1989) M Reiss (1986) 
F Groom 6 Panissecc (1933) N Smith 6 Hill (1982) 
G Hocking 6 Picc (1979) 0 Snow (1949) 
H Magan 6 Lacey (1984) 

Studies have also been carried out on che a. requirements of moulds isolated 

from the air and surfaces of domestic dwellings [41,49.99] using different 

substrates, chosen to be representative of chose found in dwellings. These 
0 

substrates were inoculated wich spores of various moulds eicher as a pure 

culture 1411 or as a mixed population 149,991 and incubated over saturated salc 

solutions known to maintain constanc RH, in the case of Herbak [491 the RH was 0 
controlled mechanically. Senave (991 found that mould growth was not seen on any 

samples cultured at 86% RH over a ten week period. At higher RH the race of 
a 
0 
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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 tvo weeks at 99% RH. The appearance 

.of mould was also influenced by the hygroscopic nature of the finish and . nutritional stacus. Examining the growth of selected fungi on woodchip vallpaper 

at a temperature considered representative of wall surfaces in problem dwellings 

.during the winter (12'~), Grant et al. 1411 noted the a. minimum for the most 

xerorolerant species examined (A e ere ill us versicolor and Fenicillium 

.chrvsoeenwn) to be 0.83. This was 1491, who reported . that the minimum RH for growth was 83% (the lowest RH examined). Herbak 1491 

introduced the concept of a "mean growth factor" (MGF) that combined che 

propor~ion of replicates covered and the degree of development of the moulds 

The average MGF over six substraces examined were 1.1% at 83% RH, 2.2% at 90% RH 

and 16.72 at 97% RH. 

.Over a range of temperatures between 5-25'~, Grant et al. [41] also noted a 

general trend of increasing temperatures permitting growth at lower 4. (Fig 

2.4). Others [64.73,80,101.110] have also noted this phenomenon, 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 cultural conditions, 

isolates or nutrienc availability) it appears chat susceptible surfaces are in 

danger of developing mould growth if their surface a, rises above 0.80. This has 

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

l Occur. 

02.4.3 Air humidity 

.The air humidity of a dwelling depends not only, by outside air ventilation, on 

t h e  ourside humidity, bur 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 

Oreleases some 7- 14 litres of water into the air as a result of breathing, 

cooking, bathing and washing and drying of clothes indoors 1221. Hence the air 

l humidity will fluctuate throughout the day and this will be reflected in the 
s u r f a c e  humidity (or water availability), not only at the site oE production but 

also in other roams. 

l 
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Figure 2.4 Effecc or temperature on minimum a, for grouch on woodchip paper 
(after grant et el, 1989) 

2.4.4. Nutrient availability and substrate 
a 

Both Senave 1991 and Grant et a1 1411 have shown that the availability of 
a 

nutrients plays an imporcant part in the ability of moulds to colonise a surface. 

at reduced a.. (41.99). 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 tested 1411. 

Indeed under che most optimum conditions when both emulsion paint and CMC were 
a 

available to the fungus, the minimum a, for growth of A s ~ e r d u s  versicolor and 

certain penicillia was the same as that reported an agar. Senave (99) noted that 

wallpaper and wood fibre paper are most susceptible to mould growth, whereas 

mould growch only occurred freely on vinyl paper at 99% RH. 

The incorporation of polyvinyl acetate into plaster can encourage mould growth 
a 

by acting as a nutrient source 1821, by increasing the capillar condensation l 
within the plaster and che rate of carbonation of the plaster. The extent of 

carbonarion of plascer also influences any mould growth on subsequently applied 

wallpaper. Uaubke (1141 also observed that mould growth was influenced by the a 
level of carbon dioxide and cigarette smoke deposits. The u s e ,  by Herbak, of an ' 

artificial pollutant (lactic acid) to simulate soiling [49], resulted in greater l 
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.growth occurring on test panels compared to corresponding pancls free from 

p o l l ! t r i n n :  I-he mrnn ?,I-owth fncro l -s  rose from 1 .l% r o  1 .71 or 831 RH, fram 2.21 

to 11.9% at 90% RH and from 16.7% to 30.11 at 97% KN. . 
2.5 HFALTH HAZARDS . 
Mould growth o c c u r s  in houses which, for the reasons discussed previously, are 

actually damp and frequently cold. Alone, these conditions are not conducive to . goad health and cold air is known to aggravate asthma 1591. 

Also respiratory problems can be caused by non biological material, chiefly high 

concentrations of nitrogen dioxide, carbon monoxide and formaldehyde [6]. These 

environmentel conditions are important 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 

mycocoxiases (the ingestion of toxic metabolites) does occur [56], relatively 

.little has been published reiarding the possible health hazards of inhaling 

fungal rnycocoxins. In reviewing mycatoxins in che air. Flannigan 1371 reparced a 

Onumber of medical c a s e s ,  both in the domestic and work environment where the 

symtoms could be attributable to inhalation of mycotoxins by the patient. For 

'.example, Craft et al. 131) reported that the long term inhalation of 

Stachvbotrvs afEd spores could have caused the chronic health problems in 

members of a family. Symptoms consistent with trichathecene coxicosis were 

observed and several macrocyclic trichorhecenes were isolated from the spores of 

the fungi boch found in the air and growing an surfaces in the dwelling. . . Both Samson (971 and Jorde eL al. (56) suggested chat volatiles from fungal 

spores, mainly short chain alcohols and aldehydes such as methyl-1-butanol, 2 -  

hexanone, 2-heptanone [79] and 1-octen-3-01 [97], can affect the health of 

occupants. Complaints resulting from exposure 10 these volatiles include 

I headaches, eye, nose, throat irritation or fatigue. However the actual number of 

people who may be affected by mouldy odours is unknown, for the response of 
0 .  . . 

lndlv~duals range fram no reaction 10 becoming quite ill [97]. . 
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2.5.2 Hould spores . 
The major health risk arising from exposure to fungal spores is one of allergy. 

In some cases sensitization occurs upon exposure co an allergen resulting in che 
. 

produceion of specific antibodies so that subsequent exposure causes allergic. 

symptoms. There are cwo major pacterns 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 111 diseases [6,62]. 
. 

Type I allergy rends co be hereditary [6] and involves only a small number of 
. 

particularly sensitive (atopic) individuals, but type I11 allergies can be 

induced by exposure. Alchough normally this is to exceedingly 
high. 

concentrations of spores, for example 500 to 3000 x lo6 m-3 [I81 which is many 

times higher chan the maximum of 449 800 cfu m-3 recorded in problem dwellings 

In addition to spores, ocher particles which can elicit e response when inhaled 

are pollen grains, animal dander, bacteria, coal dust etc. The size of a 
a 

particle determines how far it penetrates into the respiratory system and hence 

where it would cause a response. Fungal spores involved in type I allergy are 

generally greater chan 5 pm and these include commonly occurring species such as 

Alternaria alt at&, Botrvtis cinezea, Cladosoarium herbarm, ~ o c a r ~ w n .  

Drechslera s ~ g  and bicoccum DurDurascens (E.nieruq)[30]. 
a 

The spores smaller zhan 5 pm for example thdse of and Penicillium 
m. penetrate to the alveoli, where they may cause alveolitis (65). However it 
is the spores of bacteria (actinomycetes) which ere the causative agent of the 

best known type I11 condicion - Farmer's Lung.. 
Type I allergic diseases (rhinicis and asthma) are che most common in ~ h e  UK 

a 
1741 wich cype 111 (extrinsic allergic alveolicis or hypersensitivity 4 
pneumonitis) being extremely rare and are normally occupational [62,65] 

4 
While spores can induce allergies, there is no definite evidence correlating the 

level of spores occurring in dwellings wich the induction of allergic diseases. 
4 

However exposure to P e n ~ c ~ l l  . . ium spores may be a contributory factor to the 4 
disease in some asthmatic patients 1261, since antibodies to Penicilliwn are 

identified more often among aschmacics than non-asthmatics. 4 

4 
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l Cases of individual mould allergies have also bean documented. Kozak et al. 1611 
described one 12 year-old patient highly sensitive to ernari , in who's home 

the counts of chis fungus were higher than any other +p=20 times higher 

l than in che control house. Anocher child was identified vith a strongly positive 
immunological response to V a f r a ,  found growing on vet carpers in his 

l rooltl. Earlier Snmsoo-Jeuscu 1961 r c p o r c c d  LWO cnscs  or u l l c r g y  10 GLtdosvorius] 

l The role of the mice Dermataoha&es ~teronvssinus in house-dusc allergy is nov 

accepted and a relationship established between the level of airborne mice 

allergen and the severity of patients, symptoms [go]. 

l Other species occur in dust samples and some have been shorn to illicit allergic 
responses I7.161. The major source of allergen is the feed pellet but the 

l pellicles of these mites can also be allergenic [ill]. The optimum growth 

conditions for house dust mites occur at 75.80% RH 1741, conditions in damp 

dvellings which are also conducive to mould grovth. Certainly allergy to both 

l mould and mites is common in asthmatics [48,107] and there may be an association 
betveen mites and xerophilic moulds. Lustgraaf 1711 reported colonisacion of 

l human skin scales by Aspereillus- . .  . vas related to an increase in the 

numbers of D. oteranvssinus,. 

0 
2.6 SOKE ELEMENTARY CONTROL STRATEGIES 

l There is no daubc that the primary control strategy for mould grow.-h, and chat 
most likely to give sustained success, is to reduce the risks of high RH againsc 

l or condensation on the surfaces of che building fabric [18,19,22.58]. Such 

*measures are often coscly and are sometimes difficult to achieve becaus. of 

structural constraints or the life style of the occupants. Where chere are major 

l cost constraints or factors which preclude alcernacive action, fungicidal 

methods of controlling moulds may be considered. Fungicidal washes are useful 

f u r  cleaning dorn operations and sterilising infected surfaces, and fungicidal 

p a i n t s  can be used for redecoration. The camposition of surface 

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

of wall and ceiling surfaces but most of those examined do not provide 

proreccion lasting more rhan a few weeks without reapplication 1191. Several 

fungistatic substances have been used 191) to prevent mould growth on polyvinyl 

acetare dispersions and films. While fungicidal paints cost almost cwice as much 
0 

as conventional products, service trials in the UK of proprietary fungicidal 

paints in occupied dwellings, selected 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 119). 0 

2.6.1 Ftmgicidal strategy 

The strategy recommended by Bravery er al. 119) and control of moulds using 

fungicidal remedies is: 

Identify and, where practicable, deal vich 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 acrions must be accompanied 

with a fungicidal remedy. 
0 

Yentilare the affected room(s) during the removal of mould growths, to 
0 

encourage drying and reduction of concentrationsof mould spores. 

Employ an approved fungicidal wash to remove mould grovths from surfaces 
a 

using safe handling procedures as specified by the manufactu;ers / 

suppliers. It is prudent to avoid inhalation of mould spares which can 

induce allergic reactions, particularly in people prone to respiratory 

problems, the elderly and the very young. 0 
Remove badly affected paints and well coverings. 0 

Glean down rhe area with a further application of fungicidal wash and leave 

the surface to dry before attempting redecoration. 0 
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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 breakdovn of the paste by moisture. Fungicidal pastes are not 

intended to resisc mould growth under damp condition$ once the normal 

drying time of the paste is extended 

a 
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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' 

fi,, - fi. 
7 - 

B i  - 8 .  

Thermal modelling must create the tools, needed to calculate the temperature 

ratio. This asks for a sound knowledge of heat transfer by conduction - the 

fabric part - and hear transfer by convection and radiation - the surface heat 
transfer part. 

The building envelope acts as a three-dimensional composition 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 [12]. 

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 far heat transfer chraughauc che encire envelope would be coo 

complex to be solved easily. Therefore i is preferable first co  analyze 

@single envelope parts, chen to combine to single rooms. and at last to extend 

a co the whole building. 

The equations of che model are slightly different far a single wall system or 

l £or a 'room+ walls'-combination. 
In both cases however, the fundamental law applied is =hat of energy 

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

a conduction in solids, ic sounds: 
aT 

a p c .  - - -div q (3.1) 
a t  

This equation musc be combined with the Fourier law of conduction of hear 

@(3.2), with Newtons law far convection becwean the internal air and the wall 

@and the wall and the external air (3.3) and with the Scefan-Boltzmann law for 

heat exchange by radiation between the wall and the surrounding surfaces 

a(3.4): 

wlth T : temperature in K l ' A : thermal conductivity in U/(m.K) 
pc : the volumic heat ca acity in J/(m'.K), 
h, : convective surface gilm coefficient i n  U/(rnZ.K) l f : a suicable function of che radiative exchange encompassin the 

effects of geometry, the emimsivity of the surfaces and tEe 
Stefan-Boltzmann constant l q : the 'density of heat flawf-veccor in the solid. 

q , ,  q, : che density of heat flaw exchanged by convection and radiation 

a ac the surfaces 

a3.0.1 Single envelope parts 

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

a constant material properties, the model equation becomes: 

a 
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vith as boundary condicions: both convection vich the air in contact with the 

wall, and radiation with ocher surfaces having a different surface 

temperature: 

aT 4 * 
-A , -  - hc.(Ts-Ta,r) + ?[fi.(Ts -T*,)] 

an 
(3.6) 

wich n: normal co che surface. 

Equacion (3.6) applies for the incernal and external surfaces. 

Introducing as constraint in the envelope pare, on each surface becween 
0 

0 differenc materials k and 1: 

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

equation (3.5) in combination wich che boundary conditions (3.6). 

3.0.2 Single room 

If the energy balance concerns a room vith its envelope, the energy 

conservation equation for the room air must be added to 3.m equacions (3.5) - 

(3.7). m being the number of envelope parts: 

ae. 
"I + z (* p.c..cpaJ.e.j) - p.c..v..- 

J at (3.8) 

where each O, is che heac flow by convection wichthe i-th wall. 

V. and Saj . respectively, are che internal air volume of che room and che 
outgoing (+) or incoming ( - )  air flov race vie the j-th opening ac temperature 

oaJ. 

The combined solution of the equacions (3.5) (3.6) (3.7) (3.8), even for a 

simple geometry, is complex. Therefore, in most cases ,  a one-dimensional, 

steady-stare 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 calculate heat losses 

chrough walls and, by adding, of rooms in vinrercime. 

CHIPILR 3 : MODELLING: THWL ASPETS PAGE 3.3 



0 

0 
IEA ANHn x I v  "CONDENSATION AND ENERGYrt 

Thermal bridges:=) corner becween walls; b) pillar inside a 
wall; c) sheec mecal frame assembling prefsbricaced panels: d) 
roof wall junction; e) vindov vall junccion: f concrece slab 
penecracing oucer wall. 

0 
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For years, this way of working was considered satisfactory until, by the 

increase in thermal insulacion, the effects of so-called "chermal bridges" 

became too evidenc. 

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 e 

decrease ot internal surtace temperatures. 

Thermal bridges appear in places where the envelope changes its geometry or 

composition or b o ~ h  1 4 1 :  the assumption of a one-dimensional field is no 

longer valid and solutions must be found for the more complex 2-dimensional 

(2D) or 3-dimensional (30) 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 insulacion layer due to bad 

workmanship, or sheet mecal frames to assemble prefabricated panels, give 

composition variations. Examples of combined geometrical and composition 

changes are: windows parapets, balconies and cantilevered floor slabs. 

Many chermal bridges modify the one-dimensional field into a two-dimensional 

one: the heat flux has companencs along two ortogonal axis. This is the c a s e  

when the geometry and composition of the cross section along the chird 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. Ue call them 3D chermal bridges. 

Due to =heir impact on the total heat losses, and the possible presenck of 

inside surface temperatures low enough to cause mould growth and condensation. 

chermal bridges are no longer negligible. 0 
Therefore it is important to know more precisely the heat fluxes in, and the 

surface temperatures an thermal bridges, end to have an evaluation tool in the 
0 

design scage, giving the possibility to check the envelope solution on both 

(energy and mould risk) and to compare improvements. 

The modification in temperature and heat flow in che presence of a thermal 0 
bridge, is nor only caused by 20 or 3D conduction, bur also by the convective 

and radiative surface film coefficients h, and h,, being variable all over the 
0 

surface. 0 
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In fact the convective surface film coefficient is hound to the air flow 

pattern against the wall, itself depending on the temperature difference 

betveen wall and air and on the surface geometry: e . g .  the flow pattern will 

differ from the middle of a £lac wall to the edge and corners. 

As for the radiative surface film coefficient, it is variable, largely because 

of changes in the geometry factor. 

S o ,  it is necessary to redress the calculation of che three types of heat 

transfer in order to come to a sufficiently approximate evaluation of thermal 

a bridges 
3.1 CONDUCTION 

a 3-1.1 Theoretical background 

Heat transfer occurs from higher to lover temperatures. It follovs Fourier's 

law, given by equation 3.2 for homogeneous and isotropic materials. Equation 

(3.5) is obtained by applying the energy conservation law co a small volume 

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

The hypachesis of homogeneous and isotropic material anyvay simplifies the 

problem: che porosity of che macerial allovs air infiltration, moisture 

adsorption, capillar condensation, moisture uptake.. . 
This going on, the material is no longer homogeneous and isorropic and the 

presence of hear sinks and sources and enchalpee flov should be caken into 

account. 

The hypothesis nevertheless remain rather correct if equivalent properties are 

used (che 'equivalent' thermal conductivity for example). 

3.1.1.2 One-dimensional heat flow (sceady-scate) 

For a flat homogeneous vall or a vall composed of several layers of 

homogeneous and isotropic macerials, che heat flux in zones sufficiently far 

from the edges can be considered ID, normal to the wall. 

a 
a 
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In steady-state conditions, with x as axis along the chickness, equation (3.5) 

becomes for each layer: 

Solved, it generaces a linear temperature course in che layer. Incegracion 

constants follow from the boundary and contact cond~tions (3.6 and 3.7), the 

first one simplified to an overall surface film coefficient h,, combining both 

convective and radiative heat exchange, multiplied wirh the difference betveen 

surface and reference temperature. 

Once the chermal field known, the inside surface cemperature and the heat flov 

raLe follov from: 

- u.A.(B,-8.) (3.11) 

where: 

wirh: 
dj and A, - thickness and thermal conductivity in the j-th layer 
8, and 8. - inside and oucside reference cemperature 

In many councries. U values for walls, calculated with (3.121, are given, 

assuming standard values for hi and he: e.g. 8 and 2 3  W/(mzK), for an outside 

vertical wall [ 3 2 ] .  

The inside reference temperature should be defined properly. Some councries 

take the central air temperature, ochers the cencral dry resulting cemperature 

or ettective cemperature. 

As the inside surface temperacure and, consequential, the RH and Condensation 

risks are closely dependent on the local surface film coefficient, a correct 

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

0 In rhe zones of the wall near the edges but suiticiencly far tron the corners, 

the sready-srate thermal flux has components in 2 directions. The temperature 

field in each homogeneous layer is defined by rhe 2U-Laplace equation: 

azt azt 
+ - -  0 

ayz 
(3.13) 

0 which can only be solved in an analytical way for simple geometries and simple 
0 boundary conditions [33]. 

Anyway, the precision wirh which the material properties are known makes an 

exact solution impossible. Therefore, approximare solving methods, analogue 

and numerical, may be used. Thanks to the compurer, the numerical methods now 

prevail. 

0 
For quick and easy calcularions of 2D chermal bridges, also simplified 

procedures have been developed, giving the heat flux, by using printour 

pararnerers and simple algorirhms and, in some c a s e s ,  rhe lowesr inside surface 

remperarure. Such methods, calibrared wirh the aforesaid numerical methods. 

cover only part of the thermal bridges rypology, and allow only a few 
0 . .  . verlflcatlons of improvements. 

This can also be said of the thermal bridge catalogues: rhey are undoubredly 

useful bur always incomplete 

0 
3.1.1.4 Three-dimensional heat flov (steady-state) 

In the corners and other peculiar places of the envelope, the hear flow gets 

components along the rhree axes.  The remperarure Field in each homogeneous 

layer is rhen defined by rhe 3D-Laplace equation: 

0 
whose solurion can be found by using Ehe numerical methods menrioned in 

3.1.2.2. 

0 
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3.1.1.5 Non-steady-state flow 

In non-steady-state. che partial rime differentiarim of che temperacure 

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). sinusoidal and/or 

periodic phenomena can be processed as stationary ones. 

3.1.2.1 Analytical solutions 

Analytical solutions of 2D and 3D heat conduction wich boundary conditions of 

the type needed in thermal bridge calculations (The Neumann boundary 

condition) are not mentioned in literature 1331. 

3.1.2.2 Numerical methods 

Two numerical methods are used : 

- the finite element method (FEM) 

- the energy balance technique or control-volume method (CVM)[LO]. 

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 =he 

differential equation with its boundary conditions into the solution of a 

system of linear equations with a limited number of unknown field variables. 

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 equation, 

on finite subdivisions of the object. This procedure leads to a system of 

linear equations in the temperatures in characteristic subdivision points. 

Some basic rules are forwarded co assure the consistency of the solution of 

this system with the physical reality: overall balance must be matched and 

even in the case of coarse grid, the solution must have a physically realistic 

behaviour. Further steDs are identical as in the FE method. 
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Follavin~ rules concern bath methods: 

- a limited number of assumptions has to be made. Differences i n  these 

cause multiple variations in results; 

0 - the boundary conditions have to be implemented. Differences in their 

mathematical treatment cause differences in the mechods application and 

in results: 

- different rules are applied to create the subdivisions (e.g. in regard of 

0 the material limits positions), resulting again in differences in method 

0 application and results. 

In order to give an understanding of the basic concepts of the w o  methods, an 
- 

example is given of a bi-dimensional problem, using both 

0 

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

conduction in a R domain of a homogeneous material, vhere dl is a boundary - 
element. Therefore, one must find the solution of the equation: 

a28 a28 - + - =  0 (3.15) 

0 ax2 ayZ 
with boundary conditions: 

0 A.[&].n. as + A.[~].~~ as + h.(.~,-s,.~) - o (3.16) 

0 where n, and nl are the direction cosines between che perpendicular on the 

boundary line C and the Cartesian axis 

These equations are the same as (3.5) and (3.6), assuming scatjonary 

conditions and linearizing the effect of radiation. Solving equation (3.15) 

with its boundary conditions is done by an integral method [9] 131). The 

variational principle states chat by finding 8, for vhich the functional J(8). 

given by: 

J(8) - //(A[:]'+ A .  a;.dx.dy + (h. (8s-8ret) .dl)- 0 

0 R 

reaches a minimum: ~ I J ( ~ ) I  - 0 (3.18) 

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

0 
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Figure 3.2 R domain wich a boundary elemenc dl 
Figure 3.3 Example of subregion R. for thermal field solucion 

using the FECI. a 
The finite element method divides the R region in many subregions Re called 

"finite elements" (for instance small triangles) (fig 3.3) and assumes that in 
a 

each elemenc the temperature is a knovn function of the space coordinates. 1f@ 

linear: 

0  - a,+ a2x + e3y (3.19) 

Writing chis equation for the three nodes i t  of the triangle, can, 

after same elaborations, be related to the nodes ternperacures: 

- N, 8, + N, 8, + N, 8. (3.20) 
a 

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

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

which chey refer and 0 in all ocher nodes). 
a 

The full representation of in R is obtained by pucting cogether 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: a 

a ~ ,  a ~ .  a ~ .  au .1  - - as ,  + - aej  + - as. 
a s i  a s j  8s. 
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.Figure 3.4 Graphical represencacion of the chermal field solucion 
using che FEU 

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

.(SO many a s  the nodes are): 

.Fly making these equations explicit, it is shown that getting a(J(B)] - 0 means 
solving a system of linear equations in 30 many temperatures as there are 

Onodes. 

0 
The temperature in any other point is obtained with (3.20). The heat flow 

through the boundary contour follows from: 

'where 8, i: the mean temperature on dl. 

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

if the finite elements are smaller. Smaller elements are necessary in zones 

w i t h  higher gradients. 

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

conditions. 

0 
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Remarks: 

No restrictions exisc concerning the shape af  the finite elements (normally 
0 

triangular or rectangular). Their dimensions can be changed in the different 

zones giving che possibility to locare element boundaries on the surfaces of 0 
separacian. Similarly, discontinuities in the boundary conditions can be 

handled conveniently to avoid discontinuities wichin a boundary element. 

This simplifies the calculation algorithms when composite parcs with space- 

variable boundary condiciona are studied, such as thermal bridges. 

Control-volume mechod 

To solve e bi-dimensional thermal field with the perimeter on steady-state 

boundary conditions, one divides the field into a grid of square or 

rectangular meshes vith their sides parallel to 2 Cartesian coordinate axis 

[~~1,l201.[401. 

The mesh determines N nodes, each of the nodes being representative for a 

square or a rectangle having Ax and Ay a s  sides, with the node in the centre. 

For a node vich i 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 flovs ta the node equals zero in steady-state conditions: 

When Ax - Ay . the equation is simplified to: 

The implementation of boundary conditions is done in different vays to obtain 

one equation, valid for the considered boundary node. 

For example, for a node an a curved profile (node no.2 in figure 6), one gets: 

b b a+l 
. E ,  + - 
6 2  icz+l A 
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Figure 3.5 Subdivision of a hi-dimensional field 
in a grid formed by rectangular meshes. 

Figure 3.6 Node on the concour vith convection 
and radiation boundary conditions. 

Also here the problem is reduced to solving a system of N lineer equations in 

N remperatures. 

Remarks : 

Uith the CVH- approach, different dimensions of the control volume in the 

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

a element method. 
Requirements for both numerical merhods 

- 

A rich bibliography exists about the errors resulting from the discretization 

process (301 (341 (361 (401. 

e 
It is important to point out that a converging solution can be achieved by a 

numerical method only if for an increasing number of sutdivisions the solution 

converges to the exact one. The convergence could be proved by a "convergence 

table", shoving the temperatures in the characteristic points of a "standard 

a problem" as function of the number of nodes. 
In Appendix A a table of available PC Programmes is given vith their main 

characteristics 

a 
a 
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Requirements for the use of numerical methods 

Once a numerical method is adopted, e correct solution is achieved (e.g. the 
a 

temperature distribution is calculated) if: 

L the nroblem is "vell nosed", 

Figure  3 . 7  Uidch of che zone of influence on each side of a chermal bridge: 
b, is differenc for the inner and the oucer leaf 

i.e. the exact boundary conditions are defined. This means that the correct 

values of hi and h. along che internal and excernal surEaces must be given and 

chat no heat flux may cross the other sides of the thermal bridge calculation 
a 

field (adiabatic conditions). To be sure that che lasc condicion 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 far instance a 

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

2. the mlnlmum number of subd . . 
ivisions n e c w  

a 
U a r a n t e e  a certain decree of w r a c v  is defined, a 
The error is defined as: a 

el - 18, - @,I (3.29) a 
where B i  is the approximace temperacure a c  nodal paint i 

8 ,  is che exact temperature. a 
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e a r  FEM, Cali [26] uses a formula given by Babuska and others 1 3 6 1 ,  allowing 

an upward evaluation of the error, expressed in Z .  For the thermal bridge of 

*figure 3 . 8  for example, the relative error is given as a function of the 

p b e r  of nodes. So a criterion is defined to ensure a maximum error less than 

x Z. 

More empirically, Standaert suggests [19] for GVM that the largest difference 

@between two temperatures, obtained with the same numerical merhod respectively 

*with n and 2n equations, in the same characteristic points, should be less 

than XZ of X, X being the largest temperature difference in the thermal 

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

*It is good to remember t h a ~  che limited accuracy in ac~ual 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 becter accuracy 

2 

0 200 400 800 800 1OW 

number of nodes 

*figure 3.8 Corner configuration and X of error in the evaluation of the 
temperature in the nodes versus the number of nodes. 

a 
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3.1.2.3 Simplified methods 0 
General considerations 

' 0 
A11 simplified methods provide correction faccors for che additional heat loss 

through a chermal bridge. Only few of them make it possible r o  calculate 

inside surface temperatures, giving the possibility to judge the condensation 

and mould growch risks. These are creaced here. 

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

as a dimensionless Darameter: che " temperature-ratio or -factor " :  
0 

represenring the temperature difference berveen the inside surface and the 

excernal air for a unit temperature difference between in- and outside and a 0 
specific value of the inside surface heat coefficient. 0 

The addicional hear loss through a 2D thermal bridge per unit length and for 

1 ' ~  of temperature difference is represented by UI IW/(mK)], the linear 

thermal transmittance. The additional heat loss through a 3D thermal bridge 0 
for 1 ' ~  of che inside - outside temperature difference is given by U 

[W/(mK)):  che punctual chermal transmittance. 

0 
r ,  Ul or Up are found, or by shaping a simplified model a £  the thermal bridge 

and solving the relevant equations, or by some formulae, calibrated vith a FEM @ 
or CVM approach and valid for a specific class of thermal bridges. 0 

Simplified modelling 0 
In 1983 the Svedish Standards Association published a vorking draft ( 2 1  giving 

a method for the calculation of the thermal transmittance of metal 0 
constructions having thermal bridges. This method vas generelised in 1986 by 

Steelens [ B ] ,  vhile working at the Lund Institute of Technology, and includes: 

- thermal bridges in heavy canstructions 

- corners and thermal bridges in corners 

- steel constructions 

It may be defined as a semi-analyiicel method, based on the electrical 

analogy. 
0 

0 
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. . Figure 3 . 9  

Main flow paths for a corner consfrucfion 

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 is 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 necworks and che 

.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. buc a mean temperature over an 

area. In some simple cases  the minimum inside - surEace temperature is 

approximated. . 
The results of the method were compared with numerical calculations. The 

relative difference in U-value was smaller than 10%. 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 circuit. . . 
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0 0,5 1 1,5 2 2,s 3 

square root of (d/lambda) 
Figure 3.10 Non-dimensional surface temperacure in monolrchic corners versus 

differenc chermal exchange peramecers. 

@ 
2) Giergia 1251 

While working at che Fraunhofer Insticut f"r Bauphysik, Giergia studied 

symmetric corners in single and multilayer walls. 

In his report a curve (1-rs5) versus d/A is given for single walls: 

T , ,  - 0.91 - 0.89, exp(-1.59 d/A) (3.34) 

l As all the calculations where done with hi - 6.5 [W/(mzK)], 
a correction Eaccor is provided for other h,: 

where: 

C(h,) - 1.368 - 0.057 h, (3.36) 

T~ 
was also obtained for mulcilayer insulated walls. 

r ,  - 0.97 - exp(-1.55 c.R) (3.37) 

where: 
c - 0.87 for outside insulation 
c - 1.00 far cavlty filling 
c - 1.25 for inside insulation 
R is che chermal resistance of che wall (0.5 < R 5 4 mZK/U) 

F u r t h e r ,  easy-to-use formulae are given to calculate U1 for corners. 

Temperature evaluation is within i0.01'~ and U1 within f0.05 V/(mK). 

0 
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To help designers, some countries produced catalogues [14].[41],142].[44] of 

common thermal bridge constructions. These cacelagues contain drawings and 
a 

descriptions of building details, surface temperatures profiles or values @ 
for the critical points and heat loss dara. The dara are obtained from 

numerical calculations, assuming standard thermal conductivities and constant 

surface film coefficients, the value being different from catalogue to 

catalogue. 
a 

In theory, a thermal bridge catalogue provides a rapid, easy (no computing is 

required) mechod of assessing a particular case and sometimes gives 

informations on improvements. However, in practice, the caralogues rarely give 
0 

the specific thermal bridge, a designer is aiming co judge. a 
3.1.3 Experimental investigations 

Experimental investigations on thermal bridges are done fallowing two C 
dirtercl~c rnechods: 

- Hot-box/cold box measurements; 
- Analogue models. 

3.1.3.1 Investigations using the hot box / cold box apparatus 

This syscem uses two boxes, one on outside and che other on inside climate. 

The tesced configuration separates the two climates. For the surface 

temperature measurement, thermocouples or therrnoresiscors are locaced aloqg 

the thermal bridge cross - section contour ( see e.g. fig. 3.11) 

To measure the hear flow [ 3 7 , 3 8 ) ,  a third, smaller box is inserted in the hot 

box , facing the central par= 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 environment, on the same temperature as the measuring 

box. This configuration is called the guarded hot box. An alternative, easier 

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

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

bridge, allows to calculate the UI- or U p -  value. a 

CHAPTER 3 : MODELLING: Tn-L AsFrcrs PAGE 3.21 
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figure 3 . 1 1  Horizontal cross section of a wail - window junction. The docs 

a indicate che thermocouple posicion 1171. 

3.1.3.1 Experiments using analogue models 

Analogue models are based an the fact that electric o r  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. 

Ohm's law states that: 

dI = -A..(W.n).dS (3.38) 

where: 
A -  electric conductivicy of the material 
V = electric potential 
dl= charge flow chraugh an element with surface dS 
n = che normal to the surface dS 

Ohm's la* is formally equal to (3.9). The V- field sarisfies the equation: 

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

tension to temperacure, charge flaw to heat flow , the electric resistance to 

the thermal resistance and volumic electrical capacity to the valumic heat 

a 
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Table 3.1 Field literature - Derails concerning different chermal bridges 
examined by che authors according to the results calculation and 
representation. 0 

G w m  3 : HODELLING: TH-L ASPXIS PAGE 3 . 2 3  
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l In Practice, a model, geometrically similar to the thermal bridge under 

examination is built by using layers with knom electric conductivities or 

l lumped electric resistances. By measuring the current, it is possible to 

l evaluate the heat flow, whlle temperature differences are proportional to the 
voltage differences. 

a 3.1.4 Applications 

l 3 .I.&. 1 Introduction 

l By using one of rhe above methods, different types of rhermal bridges have 
been studied, searching general correlations far at least a class of them. 

Table 3.1 1251 gives a list of researchers, the types of thermal bridges 

l examined, the evaluation method used and the results obtained, updated until 
1988. Since, many others contributed [22-291. 

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

and then showing the kind of information one gets. a 
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 

l thermal conductivity of che materials or to the choice of numerical method and 
l grid spacing are reported. Typical limits of accuracy are summarised in 

following table 1431. 

VARIABLE UNCERTAINTY ON r 

Solution method < 0.01 

Grid spacing < 0.01 
@ Thermal conductivity (i 0.1 W/(m K)) < 0.05 

Outside surface film coefficient (16.7 to 33.3 W/(mZK)) < 0.01 
Inside surface film coefficients (4 to 8 W/(mlK)) < 0.1 

a Variation in local surface film coefficients (4 to 8 W/(mzK)) < 0.05 

Solar radiation (0 to 50 U/mz) < 0.05 

a 
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The inside surface film coefficient is the most important parameter, followed 

by the thermal conducrivities 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 thar, wirh an inside-outside temperature difference 

of 2oec, the inside surface temperature can only be approximated within 
a 

f2.6'~, a great uncertainty ro assess mould and condensacion risks. For chat 

reason, and in order to avoid misunderstandings, h, must be added as subscript 

ta r ,  every time a value is given. 

a 
3.1.4.3 Two-dimensional thermal bridges in steady-state conditions a 
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 not increase the hear flow nor make the inside surface 
a 

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 wirh (P1) and wichaut fin (P,) 
a 

increases when the outside surface film coefficient decreases. a 
In most cases PdP, < 1 ( s e e  fig. 3.12) 

0 0  0 5  1 0  1 5  2 0  2 5  3 0  

Fin lherrnvl < o n d u t t t v i l y  l w l m l i  

Figure 3.12 Ratio of thermal permeance of a fin to that of a f l a ~  surface. 
Fin dimensions: height b - 0.2 m, width a - 10.0 m, length 1 - 
0.5 m. 
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.~e also developed a one-dimensional model to predict the lowest inside surface 

temperature on a fin-type Chermal bridge. 

.In situations similar to fig.3.13, he asswned a one-dimensional tvo-fins 

.del, both fins extending perpendicularly LO the building envelope, the one 

as inside floor slab, the other as balcony ( s e e  fig.3.14). . 
The difference betveen che temperature factors of the plain wall 7 h i , *  and the 

.thermal bridge T ~ ~ , ~ ~  can be estimated as: 

d - wall rhickness in m 
&, - 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 < 0.03. 

.Predictedl rh,-valuae..for several walls vich. and. without a balcony fin are.- 

compared in 1 4 3 1 .  The balcony slightly increases rh, except for a wall vich 

.inside insulation. Inwresting is that wich outside insulacian and rhe fin nor 

ing, leaving the balconies uninsulaced (fig 3.15). 

O U T S I D E  

R - 1 ,  b - d l A f  %I - 1 / C 1 2  

'Figure 3.13 Concrece slab, bridging a cavity wall. 

oFigure 3 . 1 4  
Fin model of extended chermal bridge: fin arrsngemenc and 
cemperature/thermel resistance circuic. A is che floor 
conduccivicy. . 

~. . .. . . .  
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insulation 

figure 3.15 Vertical  scccion of a concrete slab. penerracing the oucer 
wall. ( a )  Geometry, thermal conductivities and boundary 
conditions; isothermals and streamlines wich (b) no insulation, 

e 
( c )  inner insulation, and ( c )  ourer insulation. 0 

Thermal bridges in cavity walls 

Standaert [la] studied a number of  traditional thermal bridges in cavity 
0 

walls. He concluded that, if possible, they must be avoided by making the a 
cavity insulation continuous, vith correct thermal cuts. Although the energy 

savings are lower than predicted one-dimensionally without thermal bridges, 
9 

cavity insulation remains efficient to thermally improve existing buildings, 

if at least the inside relative humidity is not too high. 

0 
The same considerations are found in ( 4 3 1  wich the warning not to add 

insulation along partition walls (floors, internal valls) when the envelope is 
0 

cavity filled: r,, decreases. a 

CHAPTER 3 : MODELLING: T B ~ L  ASPETS PAGE 3.27 
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mo show how these and other conclusions can be dram from 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 

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

{ O'C, inside temperature: 20'~). The temperature difference between isotherms 

j.is 2 - C .  

I /." The junction gives the lowest inside surface temperature on the underside 

of the floor; 

e 2 .  Inside insulation gives a minimum surface temperature lower than a non 

insulated wall; 

0 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 insulatian is better if higher surface temperatures 

are wished; 

4. The best solution for both is, as Standaert sxates, 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 

FEU programme studying 7 solutions (fig. 3.17) for the horizontal cross- 

s e c t i o n  of the window-cavity wall junction in the case-study "IACP Torino": 

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

e 3 . 1 7  b) external leaf, 4 cm cavity insulation, single glazing 

3.17 c) exrernal leaf, 4 cm continuous cavity insulation, single glazing 

3.17 d) internal leaf, no cavity insulation, single glazing 

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

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

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

Conclusions: 

a l' Without any other improvement, looking to the temperature factor, the 

window-internal leaf junction is the best solution. From the heat loss 

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

e 
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2.  i t  t h e  window is connected to the inside leal, caviLy i~tsulilliuu, also 

covering the reveal, doesn't incrcasc the lovesc inside surface 

temperature, compared to cavity insulacion, not covering the reveal. On 

[he other hand, che decrease in thermal flow through che reveal by cavity 

insulation without reveal covering, is minimal. In any case a thermal 

bridge effect cannoc be avoided. 

3. With cavity insulation, connecting the window to the outside leaf is che 

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 continuous and double glazing is used. 

Thermal blidges in massive walls. 

Massive brick walls with n thickness o f  20-30 crn (European buildings 

constructed before 1940) didn't show imporcanc thermal bridging because of che 

general lack oE 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 shovn in fig. 3.15a j181: 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. 

315c), outer insulation (fig. 3.15d). The calculated thermal bridge 

characteristics are: 

- no insulation : U1 = 0.3 W/(m.K) r, = 0.65 

- inner insulation : U1 - 0.8 W/(m.K) r, = 0.64 

- oucer insulation : U1 - 0.8 W/(m.K) r 8  - 0.78 
Window reveals are one of the few thermal bridges char can get substantially 

worse by insulating the wall, unless it is done at the oucside. (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 cask. However, 

important extra heat losses and low temperature faccors may occur, if in 

concrece or metallic parts, discontinuities in the thermal insulation exist. 

Therefore, a thermal bridge analysis must be part of the developrnenr work. 
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.*figure 3.16 Vercical cross scccion of a floor-external wall junction: a) 

mesh, b) no insulation 

0 
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@figure 3.16 Vertical cross section of a floor-external wall ,junccion:e) and 
f) outside insulation. a 

a 
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a 
a 

SOmCE Bma a 

figure 3.17 Horizontal cross section of a window - cavicy wall junction. 
a) external leaf, no cavity insulation, single glazing 
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a 
figure 3.17 Horizontal cross sectlon of a window - cavity wall junction. 

a b) external leaf. 4 cm cavity insuletion, single glazing 
c) external leaf, 4 cm continuous cavity insuletion, single 
glazing 

a 
0 
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a 
S O ~ C E  Bma a 

f i g u r e  3 . 1 7  Horizoncal  c r o s s  s e c c i o n  o f  s window - c a v i t y  w a l l  j u n c t i o n  
d )  i n t e r n a l  l e a f ,  no c s v i c y  i n s u l a c i o n ,  s i n g l e  g l a z i n g  
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ofigure Horizontal cross seccion of a window - cavity wall junction. 
e )  incernal leaf. 4 cm cavity insulation, single glazing 
f) internal leaf, 4 cm cavicy and reveal insularion single 

0 glazing 

0 
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In.ul.l'~n 
A -  0.04 rl- 0 

9 

figure 3.17 Xorizoncal cross section of s window - cavity wall junction. 
0 

g) excernal leaf, 4 cm continuous cavity insulation, double 
glazing 

0 

0 

0 

0 

figure 3.18 Temperature contours at a window splay in a 38 cm brick 
wal1,plus 10 cm insulation. 

a 
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3 . 1 . 4 . 4  Three-dimensional thermal bridges ( Steady-state) 

Some examples of ~hree-dimensional thermal bridge calculations are reported in 

literature. The analysis of 30 details is more complex and much more rime 

0 consuming than a 2D calculation, so approximate methods co calculate the 3D 

0 
temperature factor from the results of a 20 analysis may be useful [43.45]. In 

1451, the basic idea is chat when T ~ , Z D  < T ~ , ~ D ,  one may vrite. 

\ - .  . - ,  
~ ~ ~ 2 0  T h , l D  T '  

0 
For a 3D thermal bridge where in fact 3 2D thermal bridges join, three 

0 contributions of the cype l/r' must be added to T ~ , ~ D .  Comparative calculations 

0 
have finally lead co the following equation: 

where T ~ , , . ~ D ,  T ~ ~ , ~ ~ D  and T ~ , , ~ ~ D  are che 20 temperature factor of the 2D thermal 

bridges along che x, y and 2- axis (fig. 3.19). rh,lD is the mean value of 1D 

0 values of the three walls. shaping che 30 thermal bridge. 

As approximate mechod, its application is restricted to 3D thermal bridges, 

vhere the thermal resistance of the three walls and the rh, values of each 20 

chermal bridge obey cercain conditions. 

0 

0 
figure 3.19 Three-dimensional corner and reference axis 

0 
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3.1.4.5 Influence of non-steady-state conditions 

In [l8] and [22] solutions for the non-steady-scate temperacure field in 

thermal bridges are given, showing thac there isn't a pronounced transient 

effect on che heat losses. On the other hand, the results show chat the 

greater che heat capacity of the thermal bridge composing structural parts. 

the more important are che inertia in inside surface temperature oscillations. 

3.1.5 Conclusions 

Predicting che 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 che 20 or 3D conduction equation to get the 

thermal field in some peculiar zones of che envelope, called "thermal 

bridges". Sophisticated numerical mechods are available. The time needed co 

prepare the input for che computer programmes, still inspires researchers co 

cry simplified methods, able to give the surface temperature vith good 

accuracy at least for a class of thermal bridges. To help che designer, others 

produced catalogues of thermal bridges. 

Not all simplified methods give an insight in che physics involved. Owing to 

that, they dan'c help for advising possible improvements. Catalogues are noc 

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

For these reasons numerical methods seem to be, at least £or the 2D problems, 

che best approach. Their ucilicy in choosing good conseruction details was 

proved vith some examples. Nevertheless, the quantitative results, i.e. the 

inside surface temperatures found, may be quite diverging frorn the in sicu 

values, even chough the qualitative importance of the instrument is out of 

doubt. This is mainly due to the uncertainty in data inpuc, especially the 

inside surface film coefficient. The user of numerical methods must be aware 

of che face that che input of non realistic data gives wrong resulcs even 

although the calculation method assures good accuracy. The stendardised hi- 

and h.- values, adopced to calculate heat losses, are not precise enough to 

assure a correct surface temperature evaluation. Especially hi must have its 

real value at the thermal bridge. 
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For 3D problems, solving them wich numerical methods is heavy. A good guess . can be obtained from 2D results, combined vith 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 presenc for a certain period of fime, although it 

doesn'c appear in steady-stace. The significance and che imporcance of this 

result cannot be fully understood withouc knowledge of the response of mould 

grovch to dynamic conditions. 

8 
3.2 CONVECTIVE AND RADIATIVE HEAT TRANSFER 

3.2.1 Incroduccion 

The inside chermal surface film o r  surface heat transfer coefficient scrongly 

influences mould gravth and condensation in dvellings. It cansiscs af a 

convective and a radiative part. Radiation and conveccian being tvo different 

thermal phenomena, they should be considered separately. In mosc c a s e s .  che 

theory of surface 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 vithin the frame of IEA-Annex XI". . 
The influence of the exterior surface film coefficient (ha) on the U- value of 

a vall is shovn in figure 3.20. Obviously, the impact is small in c a s e s  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 

transfer in the range 0 . 8  to 800 pm takes place. The energy emitted depends on 

t h e  surface temperature and macerial. The maximum radiation at any temperature 

is emicted bv black surfaces. Planck's radiation lav states that the radiacion 

exitance distribucion depends an temperature and wavelenghc [ 4 6 ] :  . 
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w i t h  E,,: the spectral exicance (W/(rn2.m)) 
L',: - 0 . 3 1 4  . lo"" '  (W/1UA) 
Cz: - 1.439 (K.m) 
A : wavelenghc ( m )  
T : absolute temperature (K) 

The toea1 amounc of energy per & or exitance Eb (U/m2) emitted 

surface, related to ics temperature, is found by integrating (3.43) 

a black 
0 

0 

with o - 5.67 . l o - 8  V/(mZ.K4) (- Stephan-Boltzmann constant) 0 
The exicance Eb is. the radiation, emitted into a hemisphere. Radiation in a 

specified direction is expressed by Lambert's cosine law [3.45]. a 
1b.o - Ib.n.Cos B (U/(m2.rad)) (3.45) 

wirh Ib,": radiation intensity in the normal direccion (U/mZ) 
Ib,p: radiacion intensity in the direction B (V/mZ) 
B : angle between the radiation direction and che normal direccion ( - )  

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

( 3 . 4 5 1 :  

Eb(T) - n.Ib,, (W/m2) (3.46) 

U-value I W I ~ ' K J  

Figure 3.20: Relacionship becween che excerior surface film coefficient h. 
and che chermal cransrniccance U of e n  excernal wall. 
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.surfaces in buildings differ from an idealised black body. The emissivity c is 

defined as the racio of che exicance of the real surface to the exitance of 

.the black surface at a .specified temperature. Hence, the exicance of a real 

.(grey) surface is: 

E(T) - rEb(T) = COT' (W/m2) . 
Strictly speaking, Lamberr's cosine law only applies r o  black surfaces. For 

.irregular building material surfaces the reflection is more complex. According 

to Kirchhoff. the ratio of emissivity r to absorption a at a given temperature 

.is 1 for all bodies. a and 6 are a function of temperature 13.461 . - a - f(=) 
with s:emissivity ( - )  

a: absorptivity ( - )  . The hear transferred by radiation from a surface Al co a surface A2 depends on 

che size, orientation, temperature and emissivity of boch surfaces. If two 

.equal surfaces A are parallel and their area is large compared to their 

distance, the radiation hear flow is given by che following formula: 

with : radiation heat flow (W) 
A : surface (mz) 
e l , f 2 :  emissivity of the surfaces 1 and 2 
Tl,T2: temperature of the surfaces 1 and 2 in K . For the calculation of the radiation heat flow between arbitrary surfaces, che 

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

C O S  pi. C O S  ,9> 
F,, - -. . dA,. dAj (3.50) . 

with ,9, : angle between rij and the normal direction of dA, ( - )  
Pj : angle between rij and the normal direction of dAj ( - )  
r,j: d~stence of che cencre points of dA, and dAj respecc~vely (m) 

.F,~ represents the fraction of the radiation heat flow from surface A, being 

intercepted by surface Aj (fig 3.21) 

a 

. 
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figure 3.21 Radiative hear transfer between cvo surface elemencs i and j a 
The fraction emitted by Aj and intercepced by Ai is expressed by the inverse 

For the shape factor relations LO be true, the surfaces are assumed diffuse 

and isothermal. By combining integrals (3.50) and (3.51), che reciprocity 

relation is obtained: 
a 

A' F,, - Aj Fj, (m2) (3.52) a 
For the surfaces of an enclosed space, the summation rule applies: 

This means chat the total radiation emitted by surface i is intercepted by all 
a 

other surfaces. 

To calculate che radiation heat transfer within a room with N surfaces, NZ 
a 

shape factors are necessary. Not all have to be calculated directly however. 

By using (3.52) and (3.53), only N(N-1)/2 factors remain to be compuced by 

solving the double integrals (3.50) or (3.51). Solutions for various 

geometries and surface orientations are found in literature [49-531. a 
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@with the shape factors, the radiation transferred becveen 2 black surfaces i 

and j may be expressed as: 

Qi2 - Ai.Fij.o. (Ti4-Tj4) (W) 

@If the radiation transfer takes place betveen nurface i and N orhers. che 

radiation absorbed or emitted by surface i is: 

@~~uation (3.55) is as simple only for black surfaces. They hovever do not 

exist. Multiple reflection makes the computation more complicated 

*With folloving assumptions: 

- 
che surface temperature is constant; 

- emissivity, absorption and reflection are independent of vavelength and 

direction; 

- all surfaces are diffuse emlcters and reflectors; 

0 -  ZF,,-L; 

it is possible to calculate the density of heat flow rate at surface i due to 
. .  radlatlon to the other room enclosing surfaces vith equation [54j: 

If we write che equation for all N walls of a room, a linear system vith N 

@unknown densities of heat flow rate ql.. . q ~  results. The system may be solved 

either by matrix inversion or by iteration. 

@Dropping the chird term in (3.56), gives as approximacion: 

@h 1551 however, it is stated that in certain cases (3.57) may give vrong 

@Radiation vithin a room becomes simple to describe when transforming it in a 

two surfaces system: an excernal wall, surface &, emissivity r , ,  surface 

temperature T., and the remaining five surfaces (ceiling, floor, interior 

total surface Ai, identical emissivity , transposed to e 
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planparallel surface at mean surface temperature T,. The radiative heat 

exchange between the external wall and the planparallel interior surface 

follows from: 

Example 

Consider a cubic space wirh: 

The radiation flow from the internal walls to che external one, is 246.9 U. By 

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

h, becomes: 4.9 W/(m2.K). 

This value of the radiative surface film coefficient h,, is a mean For the 

wall. In corners, where external wall and internal surfaces meet, h, is lower 

( s e e  3.2.6). 

3.2.3 Convective heat transfer 

Heat cransfer between the air end a wall cakes place by convection. The 

density of hear flow rate is proportional co the temperature difference 

between the air and che surface: 

with q,i : densicy of convective heat flow rate (U/$) 
h, : Conveccive surface film $oefficient ( W / ( $ . K ) )  
8 1  : indoor air cemperacurg ( C) 
8, : surface temperature ( C) 

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

air, the temperacure of the wall and the temperacure of the air. 

C!~WID+ 3 : MODELLING: Tsnuul. As~nrs PAGE 3.45 



O E A  AH"= XIV "CONDENSATION AND ENERGY" S ~ C E  BWK 

distinction is made between forced and free convection. Free convection is 

important when c o n s i d e r i n p  inside surinccs. I t  is causcd by i -cmperucure 

enduced differences in air density. If the air flov is exactly parallel to the 

~ 1 1  surface, one has laminar flow. In the case of air, whirling against the 

wall surface, one has turbulent air flow. Independent of the air flov, there 

eemains always a laminar surface air layer against the wall. In this surface 

layer, heat transfer takes place by conduction, perpendicular to the wall. 

(w/mz) (3.61) 

w i t h  A : thermal conductivity of the air near the wall (W/(m.K)) 
(ao/an), : temperature gradjcnt of chc air apinsl the wall (K/m) 

Convective heat transfer can be described by a system of differential 

equations. [56-581. Solving the system however, is only possible for some very . . slmple c a s e s .  . 
Nusselt'r similarity theory allows to determine similarity criteria. As 

@dimensionlees parameters are found: . h,. 1 
Nusselt number: Nu - - . A 

f i  .g 1' 
Grasshof number: Gr - . AS . "2 

Y 

Prandtl number: Pr - - (3.6L) 
a 

v. 1 
Reynolds number: Re - - " 

e i t h  1 : length (m) 
A : thermal conductivity of the air (U/(mZK)) 
p : coefficient of thermal expansion (K-I) 
g : gfavitational acceleration (m/sZ) 
v : cinematic viscosity (mZ/s) 
a : thermal diffusivity coefficient (mZ/s) 
v : velocity (m/s) 
A8 : temperature difference between the surface and the fluid (K) 

 he fallowing functional equation is valid for the convective heat transfer 
between the air and an inside wall 1561: 

Nu - c .(Gr.Pr)n 

.C and n are constants. They depend on whether the flow is laminar or . turbulent. According to [56], the change from laminar to ~urbulent takes place . 
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at approximately Gr.Pr - 109. For the flow range 10s < Gr.Pr < 1012 , various 

equations are given in literature. One often finds 1591: . 
Nu - 0,13. (Gr.Pr)lIl (3.67) 

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

Relations (3.67) and (3.62) allow to calculate h,: 

hc - (A/l).Nu (W/(m2.K)) (3.68) 

or h, - 0.13 A.(@.g/(v.a))1/3 .nB113 (W/(mz.K)) (3.69) 

The characteristic length 1 d o e s  not appear in equation (3.69). This means 

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

GEOMETRY FORMULA APPLICABLE RANGE 

Vertical place (1-height) 

Nu - 0.59 (Gr.Pr)'/' 104 < Gr.Pr r 10s 

Nu - 0.129 (Gr.Pr)lI3 109 < Gr.Pr < 1012 

Horizontal plate (1 - mean of dimensions) 
A. Upper surface of warm plate or lower surface of cool plate 

Nu - 0.54 (Gr.Pr)l/* 105 < Gr.Pr r 2.107 

Nu - 0.14 (Gr.Pr)W 2.107 < Gr.Pr < 3.1010 
B .  Upper surface of cool plate or lower surface of warm plate 

Nu - 0.44 (Gr. Pr)W 105 < Gr.Pr < 2.107 

Vertical enclosed space (L - height, d - widch. L/d > 3) 

Nu - 0.18 Grl/4(L/d)-l/g 2.10' < Gr s 2.105 

Nu - 0.065 GrlIJ(L/d)-llg 2.10, < ~r < 10, 

Horizontal enclosed space (L - height) 
A. Lover surface vermer 

Nu - 0.195 GrU* 104 < Gr c 4.105 

Nu - 0.068 Gr1/3 4.105 < Gr < 4.100 
B. Upper surface warmer 

Nu - 1 
Table 3.3: Free convection algorithms according co (671  
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am i n s t a n c e ,  a t  an  a i r  temperature Bi of 2 0 ' ~ .  a wall  s u r f a c e  temperature 8, 

of 1 6 ' ~  and the  temperature dependent c o n s t a n t s  A - 0.026 W/(m.K). 

% - 3 .43  . lo-3 K-1, v - 1 5 . 1  .lo-6 mz/s, t h e  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t  

wrns to:  

a h, - 1 . 5 7  .A@l/J = 2 . 5  W/(mz.K) ( 3 . 7 0 )  

t t h e  a i r  temperature 8, and wal l  s u r f a c e  temperature 8 ,  u s u a l l y  recorded i n  

, the  value 1 .57  changes only s l i g h t l y .  So Lor b u i l d i n g  a p p l i c a t i o n s ,  

e q u a t i o n  ( 3 . 6 9 )  may by d e f i n i t i o n  be s i m p l i f i e d  t o :  

a h, - 1 . 5 7 .  A81/3 (W/(mz.ic)) ( 3 . 7 1 )  

I n  [611 and i n  a more r e c e n t  s tudy  (551 ,  a s  c o n s t a n t  C i n  (3 .66)  i s  g iven :  a 
0 . 1 0 .  ( 3 . 6 9 )  then becomes: 

h, - 1 . 2 1 .  A8113 (U/(m2.K)) ( 3 . 7 2 )  

an (621 and (631 ,  t h e  fol lowing r e l a t i o n  is  found:  

l h, - 2,O3. (A@/H)'/3 

w i t h  H: wal l  h e i g h t  (m) a 
The equa t ion  was ob ta ined  exper imenta l ly :  i n  an  enc losure  convec t ive  hea t  

@ t r a n s f e r  from a heated v e r t i c a l  wal l  t o  t h e  cooled oppos i te  v e r t i c a l  w a l l  was 

.studied. 
I n  t h e  1981 ASHRAE handbook [ 6 4 ] ,  t h e  convect ive s u r f a c e  f i l m  c o e f f i c i e n t  i s  

e i v e n  by: 

@In f i g .  3 .22  t h e  formulas (3 .72) .  (3 .731 ,  ( 3 . 7 4 )  are shown a s  e f u n c t i o n . o f  

the  temperature d i f f e r e n c e  A@, f o r  a wel l  h e i g h t  of 2.50 m. 

e r o m  =he f i g u r e  i c  can be deduced t h a t  (3 .72) .  ( 3 . 7 3 )  and ( 3 . 7 4 )  d i f f e r  l e s s  

than  0 . 5  W/(mZ.K) f o r  temperature d i f f e r e n c e s  A8 below 5K and a g r e e  s t i l l  

a e t c e r  i n  t h e  h igher  temperature d i f f e r e n c e  range. 

a 

a 
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Figure 3.22 Convective surface film coefficienc h, dependent on che 
temperature difference A 8  between indoor air and wall surface 
for some examples caken from licerscure. 
a :  hc - 1.57 . A ~ W  according co [59] 
b: h, - 1.21 . A 8 1 / 3  according co 155. 611 
c: h, - 2.03 . (AO/H)1/3 according co 162. 631 
d: h, - 1.31 . A 8 1 / 3  according co [64] 

3 . 2 . 4  Total surface film coefficient 

The cotal surface film coefficient consists of a convective and a radiative part: 

with hi tocal surface film coefficienr 
q, convective heac flow race 
q, radiative heat flow race 
8 ,  inside reference cemperacure 
8 , ,  surface cemperacure 

3 . 2 . 5  Influence of the reference temperature on the surface film 
coefficient 

In a heaced room, a distinction has to be made beween the air temperature and 

the effective or resulting temperature. The air temperacure denoces the gas 

temperature of che air. IF is measured with a radiation-protected temperature 

sensor. In general, the air temperature is s function of place. Its scrati- 

ficacion largely depends on the heacing syscem. The effective or resulting 
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@temperature is linked to the temperatures of the room enclosing surfaces and 

the indoor air temperature. I c  is measured vich the black globe thermometer. a 
@Since the inside surface film coefficient h, is defined by the formula: 

the selected reference temperature plays a major role. For the practical 

@approach and the selected indoor reference temperature: see 3.2.8. 

a 
Experimental determination of the surface film coefficient in 
corners. 

@Since no experimental data on che surface heac transfer in edges and corners 

were available, a laboratory investigation has been set up in the frame of 

'Annex 14 at the Fraunhofer Institut fGr Bauphysik, Stutfgarf. 

a 
Laboratory tests 

A cubic room, made of cellular concrete, with two inside walls, was 

'constructed in a climate simulator, 7 . 0 ~  6 . 0 ~  5.8 n large (Pig. 3 . 2 3 ) .  Ourside 

@dipensions of the room: 2 . 5 0 ~  2.50 rn. Measured are the edges and corners 

between the external valls. These are all 12.5 cm thick, thus reaching the 

l minimum thermal resistance, scipulared in the German Standard DIN 4108 1651. 

- 8 

a Figure 3.23 The model room for the determination by way of measurements of 
the surface film coefficient in corners 

a 
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Ceiling and floor are provided vith an additional thermal insulation of 6 and 

8 cm respectively . giving U-values 0 . 4 5  U/(III*.K) and 0 . 3 8  / K  l . 1 1 ~  room 

is heated wich a convector on constanc power, installed against an incernal 

wall near che ceiling. A protection prevents radiative heat exchange wich the 

excernal walls. In- and outside air temperature and surface temperatures are 
0 

measured at various heighcs with thermocouples. During the measuring period, 

the air temperature in che climate simulator and the room are see at 0 and 

21'~ respectively. 

3.2.6.2 Measurement results 

Figure 24 gives the vertical air temperature profile, measured at the cencre 

of the room. A pronounced temperature stratification is observed: the air 

temperature increases from 17.6'~ near the floor to 22.4'~ near the ceiling. 

The mean indoor air temperature in the middle is 19.6'~. 

The measured surface temperatures and che material and envelope part data were 

used to calculate the densities of heat flow rate with a 3D steady and non- 

Steady-stace computer programme (661. The tocel surface film coefficient found 

in edges and corners, given by the ratio q/ (Brer -8 . ) ,  is shovn in fig. 3.25, on 

the left related to the mean alr temperature at =he level of measuremenc, on 

the right to the central air temperature at a height of 1.70 m. Lefc, 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). 

Air lernmrature [TI 

Figure 3.24 Air temperature distribution measured at the centre of the test 
room 
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Height profile 
SOURCE B m  

Homogeneous 

@The lenghc of influence of monolithic edges can be assumed equal co che v a l l  

thickness. In formula: 

. 
ni 

wlth h3,x Total surface film coefficient at a distance x from che edge 
h, Tocal surface film coefficient in che cencre of che wall 
hi,.d,. Total surface film coefficienc in che edge 
x distance from che corner (m) 

200  m 
170 ---- 
110 

0 5 0  

- 

. . 
s vall thickness (m) 

In the corner, the surface film coefficienc is lover with a minimum hi of 

+ 4 . 5  U/(m2.K). From corner to edge, the value raises to 6 U/(mZ.K). The 

0 0.2 0.4 0.6 0.0 1.0 \2 0 0.2 0.4 0.6 0.8 1.0 1.2 
~ i s l a n c e  from the corner related lo wall lhicknerr 1-1 

@pipre 3.25 The coral film coefficienc, measured in a massive external walls 
edge, as a funccion of che discance from Che edge (given by the 
distance - wall rhickness ratio) for various heights. 
E r e * :  mean inside air temperecure ac each height 
two-dimensional : 0 ,  at mean room height 
chree-dimensional: 0 '  directly under che ceiling 

inside air temperacure ac the cencre of che room, ac a 
height of 1.7m 

Height 

hatched seccion shovs the surface film coefficient vhen 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. A c  the right, fig. 3 . 2 5  therefore shows for several heights 

an the external wall the corresponding values of che surface film coefficient 

@in relation to the cencral air temperature at 1.70 m'. A vider range of values 

@results. At a height of 2 . 0 0  m, h, is above 6 W/(mZ.K), and 
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figure 3.26 Model room for the determination by way of measurements of che 
surface film coefficient for various heating syscems and 
cupboard positions. 

increases to 10 W/(mZ.K) in the centre of the wall. This illustrates the 

scatter in values by linking h, to a constam cencral air temperacure, when in 

reality che air temperature is height-related. At ell heights, the profile 

again is an exponential function from rhe type (3.77). 

3.2.7 Influence of furniture and the heating system on the surface film 
coclficicrtL. 

The inside surface film coefficient at external valls depends also on the 

heating system and the arrangement of furniture. A cupboard placed before an 

external wall in facc influences che radiative and che convective exchqnges 

vith the room and acts as extra inside thermal resistance. For built-in 

cupboard vithout backside ventilation, the convective exchange for example is 

particularly small. Floor heating, radiator hearing and air heacing, the most 

common syscems in use, differ in location, nwnber, size and temperacure of 

heat-emitting surfaces. Heat transfer by radiation now is largely determined 

by those parameters. They also have an impact on the inside air flow and thus 

on che convective heat transfer. 
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e0.2.7.1 Thc 1 : c s ~ s  

@A second c e s r  building was conscr-ucced in rhe climaLc simuia~or. w i ~ h  ground 

plan and section as given in figure 3.26. The room considered has chree 

@external walls, a floor of 3 . 0 5 ~  2.92 m2 and a heighr of 2.20 m. One external 
vall has a double glazed window of 1.90 mZ. The three remaining walls separate 

i n t e r i o r  zones. The external walls are made of cellular concrece, d - 0.125 m ,  

thermal resistance R - 0.9 (m'.K)/W. The room is heated by floor-, radiacor- 

or air heacing. The heated air inlet is located in the floor under the window. 

  here is also the radiator. The heating systems have a set-point such thac a 
cenrral air temperature of 20-21'~ at 1.70 m is mainrained in the tesc room. 

@The temperature in the adjoining roams is kept at ~o'c, the outside 

temperature at -10'~. The location of the cupboard is show in fig. 3.26: in 

the middle a built-in cupboard, an the right a back- ventilated cupboard on 

feecs (150mrn). The distance to the ceiling is 50 mm, to the exterior walls 25 

mm. Wich the built-in cupboard, rhese gaps are closed. 

@The surface film coefficient behind the cupboard, is determined ac specified 

locations by measuring the heat flow race through and che surface temperatures 

on the external wall. The re~eience air temperature is logged in the centre of 

che room, either ac che same height of che specified location, o r  at 1.70 m. 

Air and surface temperacures are measured wich thermocouples. The air- 

@ temperature ones are radiation protected. The densities of hear flow races ere 

recorded with heat flow meters. 

3.2.7.2 Heasurement results 

For all heacing systems, che surface film coefficient is measured on an 

unobstructed exrernal wall and on an external vall behind the back of the 

vented and the built-in cupboard 

Temperature distribution 

The temperature discribucian in a heated room largely depends an the hearing 

system. The cen~ral air temperature recorded as a function of heighr, is shown 

in figure 3.27. In c a s e  of floor heating, rhe value first decreases, than 

remains nearly conscant between 0.8 and 1.70 m ,  and rises again near the 

@ceiling. This increase is due La rhe ceiling surface 
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Figure 3.27 Air temperature distribution measurements for different heacing 
systems when determining the surface coefficient of heat 
transfer behind cupboards 

Floor heating 
..... Radiator heating 
. . . . . Air heating 

temperature: higher than the indoor air temperacure because of radiative 

exchanges with the floor. The temperature profiles for radiator and air 

heating are nearly identical. However, che gradient is the largest for air 

heating. 

Heat transfer at an unobstructed external wall 

The surface film coefficients for the different heating systems at an 

unobstructed external wall are given in fig.3.28. The values were measured at 

the centre of che wall at 6 different heighm: 0.10. 0.30. 1.10. 1.90, 2.4 and 

2.10 m above floor level. Hence, chey are located outside the edges wall- 

floor and wall-ceiling. On the left, the central air temperature at the 

respective height is the reference, on the right. the cencral air temperaiure 

at I . /  1s is ct le  r c i e r c t ~ c .  On elm l c i c ,  chc  surlncc f'ila cocCLicicnl ; I( :  1 . 1  in 

is nearly 8 W/(m2.K) for flaor heating, approximately 7 W/(ml.K) for radiator 

heating and a little less than 7 W/(mZ.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 hi 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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0 
' 

Without furniture 
Height profile Homogeneous 

- - 
1.1 
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Figure 3.28 Tocal surface film coefficient measured at a monolithic external 
wall for different heating systems end various room heights: no 
furniture against the wall. 
- Floor heating 
..... Radiator heating 

Air heating 

temperature strarification. For air heating, the lowest surface hear transfer 

coefficient. 3 W/(m2K). is measured at 0.10 m above the floor. 

H e a t  transfer 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 hi 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 cupboard filled with clothes. The 

@distance between the back of the cupboard and the wall is 50 mm. In addition, 

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 to =he indoor air temperature at 1.70 m, the 

@values at 1.10 m decrease far floor heating (diagram above, right), from 8 

@W/(m2.K) (unabstructured) to 3 - 3.5 W/(mZ.K) for a full and an empty cupboard 

respectively. With the cavity between wall and cupboard reduced to 20 mm, a 

@value of 2.5 W/(mZ.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/(mZK) 

(unobstructed) to 3 W/(mZ.K) (empty and full cupboard), which is slightly 

0 
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With ventilated cupboard 
Heiqhl profile Homogeneous 

Floor healing 

Radiator healing 

Air heating 

F i g u r e  3 . 2 9  Tota l  s u r f a c e  f i l m  c o e f f i c i e n r ,  measured on a massive e x r e r n a l  
wal l  f o r  f l o o r - ,  r a d i a r o r -  and a i r  h e a t i n g ,  a s  a funcc ion  of 
h e i g h t .  Against  t h e  wall  s t a n d s  v c n t i l a r e d  crlpboard v i c h  f e e c .  
Heighc p r o f i l e :  r e l a t e d  r o  t h e  indoor  a i r  temperacure i n  rhe  
c e n t r e  ac che heighc cons idered ,  
Homogeneous: r e l a t e d  r o  indoor  a i r  temperecure i n  t h e  c e n t r e  a t  
1 . 7 0  m h e i g h t .  - without  f u r n i t u r e  

- - - - -  cupboard empty, d i s t a n c e  50 mm 
. . . . . wirh c l o t h e s ,  d i s t a n c e  50 mm 
. . . . .  cupboard empty. d i s t a n c e  20 mm. 

below those for floor heating 

The values for air hearing correspond to radiator heating ( s e e  diagram below. 

right). hi a s  a function of the room height, with as reference the central air 

temperature at the same height, resembles the results vith as reference the 

central air temperature a t  1.70 m. Hovever ,  the profile noticeably differs 

from che values without furniture. The distance wall-cupboard has a strong 

influence on the hi-value near the floor and at the wall centre (fig. 3.29). 
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With built-in cupboard 
Height profile Homoaeneous 

S O ~ C E  Bmr 

Floor heating 

Radiator heating 

Air heating 

a 
Figure 3.30 Total surface film coefficient measured ac a massive excernal 

a wall for floor-, radiator- and air heating, as a function of the 
heighc. In front of che wall stands a built-in cupboard. 

a Height profile: related to the indoor air temperature in the 
centre at the heighc considered. 
Homogeneous: related to indoor air temperature in che centre at 

a 1.70 m heighc. 
- without furniture 
..... a cupboard empty. distance 50 me 
. . . . . with cloches, distance 50 ,mn 
. . . . .  cupboard empcy. distance 20 mm. 

a 
Heat transfer at an external wall with a built-in cupboard 

@Heat transfer at an external wall is w e n  more impaired by a built-in 

cupboard. The surface film coefficient at various heights for the different 

'heating systems, cupboard fillings and distances is shorn in fig. 3.30. 

@With the indoor air temperature at 1.70 m as  reference, the surface film 

coefficient at 1.10 rn with floor heating decreases from 8 U/(mZ.K) 

l (unobstructed) to 1.5 U/(mZ.K). However, for e distance of 20 mm, the value 

a 
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increases to 2 W/(mZK). The values for radiator- and air heating are 

approximately identical. 'l'he lowest hi of about 0.5 U/(mZK), van recorded Lor 

air heating vith a filled cupboard and a wall distance of 50 mm ( s e e  fig. 0 
3.30, on the right below). 0 

3.2.7.3 Recommendations 

Assuming a constant surface film coefficient vith as reference temperature an 0 
indoor air temperature at specific height, is not sufficient to obtain correct 

wall surface temperatures. 

External walls must not be obstructed by built-in cupboards. Due t o  the very 

low surface film coefficient in this c a s e ,  the wall surfare temperature may be 

belov the indoor air dew ~oint, even for walls with a high level of thermal 

insulation. If cupboards against an excernal wall cannot be avoided, some 

venting is necessary: discance 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 cupboard and to 

dimension the thermal resistance needed for avoiding mould growth, the surface 

film coefficient should be taken 2 U/(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: 

with 8. : surface temoerature ('c) 
outside tempereturg ( ' ~ j  
roam temperature ( C) 
wall (internal) surface film coefficient (U (mZK)) i wall thermal transmittqnce from the interna surface to the 
external environment, 1 . e .  inclusive the outside surface film 
coefEicient 2nd exclusive the inside surface film coefficient; 
(W/(mZK)) 
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coefficient is taken, coupled to a central radiation temperature (which 

is the vievfactor veighted mean surface temperature). For edges and 

corners, the value of che radiative heat transfer is reduced, assuming 

that part of the visible surfaces and the surface considered are at the 

same 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 che method could be adapted to define the course of the see 

(h.0) along the surface, the one proposed defines a set lh.0) which is 

constant in a limited zone and representative for the mast cricical point 

of the surface part considered (the corner poinc, the edge point). It 

means that the mechod uses only one lh.0) set in thermal bridge 

calculations: the s e t  derived for the critical point. 

- although the method could be adapted for several room reference 

temperatures, the air temperature in the cencre of che room at s height 

a£ 1.7 m is taken as reference. An assumption which vas made to simplify 

che formulas, without affecting the results in an irnportanc way, is that 

chis reference temperature and che air temperature in the cencre of the 

room at half height, have the same value, denoted furcher as 8..,.,. 

- The reference temperature being defined, the purpose of the follaving is 

t a  derive a value far the corresponding surface film coefficient 

3.2.8.3. Dimensionless temperatures. 

Dimensionless remperacures ere used. Ic means that each temperacure is scaled 

to an outside cemperature of O'C and a reference temperature (being the 

central air cemperature) of 1'~. 

The cemperacure feccor of a thermal bridge, defined as 

is such a dimensionless temperature. To denote dimensianless remperacures, the 

symbol r is generally used: 

: dimensionless air temperature at a level of y m above the reference 

level. 

7 , :  dimensionless central radiant temperature. 
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03.2.8.4, The air temperature gradient 

'In 1681 a formula, based on the analysis of several laboratory cests, is 

proposed for the vertical air cemperature gradient. The formula expresses chat 

'the gradient is proportional to the amount: of convective heat exchanged, 

divided by the mtal surface of the room walls. As shown in [69] the formula 

@can be transformed t:o the following upper limit relation: 

cfr, above. 
a constant. - 0.2 mZK/W 
the wall-surface vei hted mean U-value (thermal Lransmittance) of 

i5 all room walls (W/(m .K)). Surface weighted means: each U-value 
multiplied with che ratio between t:he parts surface and the sum of 
all parts surfaces. For inner walls the U-values are multiplied 
with the racio 'difference in reference air cemperature 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. 
the proportion of the convective heat power to the total heac power 
dissi aced by the heating system (0.3 5 p, 5 1). 
E'ossihe values for p, are: 
p, - 1.0 for air heat:ing systems 
p, - 0.9 for convectors and shielded (e.g, by furniture) 

radiators 
p, - 0.4 - 0.8 for radiators 
p. - 0.3 - 0.4 for floor hearing systems. 

'~ncerpretacion of the formula: for poorly insulated rooms end convective 

heacing systems, larger air temperature gradients are found, while for well 

'insulated rooms and radiative hearing systems smaller air cemperature 

gradients are present:. 

0 
3.2.8.5. The central radiant temperature. 

0 
SLarting from theoretical considerations, fitted to the results of numerical 

asimulations of combined conduction - convection - radiation in rooms, the - 
folloving formula is proposed in (691: ' 

0 
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v i t h  r, dimensionless central radiant temperature, 

h, convective heat transfer coefficient (W/(m2.K)). A value of 2.5 
W/(m2.K) is used (This value is justified by appl ing equation 

0 
(3.22) of paragraph 3.2.2.2 for a temperature dirference of 2.5'~. 
This can be considered as a minimum difference in the case of 
problematic thermal bridges) 

0 

Interpretation: normally the central radiant temperature is lower than the 

central air temperature (only for p, < 0.4 (mainly radianc syscems) rr  becomes 

higher). The lovesc values are presenc far poorly insulated rooms and 
0 

convective heating systems, while far well insulated rooms and radiative 

heating systems, the central radiant temperacure will be higher. 
0 

3.2.8.6. Compilation 

Applying the definition of the surface film coefficient and the principles and 
. o  

assumptions mentioned above, the convective and radiative heat exchange ac an 

internal surface part (at height y), coupled to the reference temperacure can 

be vricten as: 

Because T ~ , ~ - ~  - 1. this equation is revritten as: 

To apply the formula: 

- h,-2.5 W/(mZK). 

- r,, is calculated according to formula (3.81). 

- r. is calculated according co formula (3.82). 

- h, - 5.0 W/(m2K) for surfaces avay from corners and edges 

3.0 W/(m2K) for surfaces near edges (20). 

2.0 W/(mZK) far surfaces near corners (3D). 

Because the temperature factor rh, is unknovn (it is the result of the surface 
0 

temperature calculation itself) one of the folloving 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 is 
0 
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required, but thar 2 sets of (h,R) ( h  for the convective part, 

lh,,r,) for the radiative part) have to be given as input. 

Graphical approach: several (e.g. 3 to 4) 2D/3D numerical calculations of 

the building element considered are performed using different values of 

h a  This leads to a relation between rhi and h a .  The intersection 

with relation (3.84) leads to the value of ha,,.o. Figure 3.31 shows the 

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 temperacure factor rbi and the value of the surface 

coefficien~ h.,r-o can be read. 

An alternative convenient graphical representation, using ocher quanti- 

Lies for the a x e s .  is given in figure 3.32. 

The quantities used are: 

Using these definitions, the equivalent of expression (3.84) is: 

.Figure 3.32 shows thar the room conditi& given with the formulas (3.86) and 

(3.87) are straight lines (p is a parameter representing the room conditions). 

a g a i n  the points of intersection between the (almost) scraight- line 

representing the thermal bridge and the straight links with the paremecer p, 

'define the values of R,, being the inverse 1 , .  Boch representations are 

Y u l l y  equivalent. 

@3.?. 8.7. Cupboard ap,ninsr an outside w a l l .  

'Cupboards against an outside wall are simulated by an overall surface film 

a 
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Figure 3.31 Graphical approach example 

I* L M Z U Y I  

Figure 3 . 3 2  Alcernacive graphical approach example 
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03.2.8.8. 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,,y-o based on (safe) 

@estimated room parameters, i.e. Urn - 0.5 W/(mzK), p, - 0.9. 
Using these values, formulas (3.81) and (3.82) give: 

, ,  - 1.094 

0 raJ-o - 1 

7 a,y-. -0.847 

r r -  0.857 

Assuming a temperature factor T ~ , -  0.65 (safe target temperature factor), the 

@method above was applied for 9 situations (ID/ 2D/ 3D combined with y- lm 

@(ceiling) / y - Om / y - -1.7m (floor)). 
Results : 

ha.,-, (W/(mZ.K) 1D 2D 3D 

@These values were calculated using formula (3.83) and represent the 

intersections of the curves with che horizontal line T ~ , =  0.65 in figure 3.31. 

 or thermal bridges, these valucs con bc uscd as  safe (but  no^ always 

realiecic) if no room information is available and if several thermal bridge 

@calculations (with different h-values) are not desirable. 

0 
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APPENDIX A 7 LIST OF AVAILIABLE HEAT TRANSFER PC PROGRAMS 
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Chapter 4 

M O D E L L I N G :  
hygric aspects 

Author : 

H. Hens 
LABORATORY FOR BUILDING PHYSICS 
Celestijnenlaan 131. 8-3001 LEWEN (Heverlee) 
Belgium 

In the previous chapter, the heat transfer aspects were discussed. This 

discussion focused an 2D- end 3D- canduction problems, important in 

understanding thermal bridges, and on convection and radiation, important in 

understanding the heat transfer betveen the inside environment and each inside 

surface. In this chapter, the hygric aspects are analysed, starting with a 

recapitulation of psychromecry (vapour in the air), going on to vapour and, 

mare general, maiscure in materials and ending vich a thorough discussion of 

che vapour balance in a single zone raom/space/enclosure. Mulrizone problems 

are handled in chapter 5 ,  after inter-room air transport is introduced. 

The chapter is noc complete in che sense thac the vhole cheory of vapour in 

the air and moisture transfer in materials has been treated in depth. Only the 

most impartant facts and simplifications are recapitulated. Anyone vho likes 

to knov mare, is referred to the references. 

4.2 VAPOUR IN THE AIR: REWITIILATION 

Having its triple point within the terrestrial temperature candicions: 

8 - O'C, p - 611 Pa, water is alvays presenc in 2 or 3 scetes: 
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oTable 4 . 1  
The s a t u r a t i o n  vapour pressure as a funcr ion  of cemperacure 

e 
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T." I ,  I ,. /, , 1 c*,,, i,,,,;tr i o 2 ,  
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Concinuacion 

E('c)- 45 50 55 60 65 70 75 80 85 90 95 

9582 12335 15741 19917 25007 31156 38550 47356 57800 70108 84524 

85 0.c: solid (- ice). gaseous (- vapour), (undercooled liquid) 

a Bt O'C: liquid (- water), gaseous (- vapour) 

@he equilibrium (pS,8), also called the saturation pressure line liquid-vapour - 
and ice-vap0ur.i~ approximately given by (or.or): 

l -20-c < E < 60'~ : 

Numerical values: see table 4.1. 

.figure 4.1 The saturation line for water vapour W C I  

a 
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By no means can the vapour pressure in a dry air - vater vapour mixture ac a 

cemperature 8 be higher than the saturation pressure, belonging KO char 
0 

temperacure! 

4.2.2 Quantities, describing the presence of vapour in the air 

For the mixture dry air- vapour, it is assumed that both gasses behave as if 

they vere ideal and chat no chemical interaction exists. So, they obey Gay- 

Lussac's lav: 

vith: p the pressure in Pa. V che volume in m3, m the amount in kg. T che gas- 

cernperature in K and R the gas constant, 287 J/(kg.K) for dry air and 462 

J/(kg.K) for vapour. 

Also Dalcon's lav holds, stating that the coral pressure pc of both gasses in 

an enclosure equals che sum of the partial pressures: 

Pr - Pa+ P (4.2) 

Quantities used to describe the presence of vapour in the air are: 

QUANTITY SYMBOL WITS 

ABSOLUTE Vapour pressure : P Pa 

Vapour concentration : c kg/m3 

Vapour ratio : x kg& 

(in relacion to 1 kg of dry air) 

RELATIVE Relative Humidity: Q or RH Z 

(- recio between Che vapour pressure and the saturation pressure ac 

the same temperature) 

INDIRECT Devpoinc: R d  or Td 'C or K 

(- cemperacure for which during an isobaric change, che vapour 

Pressure becomes che sacurscion pressure) 

Wet bulb temperature: 8 .  or T. 'C or K 

- Cemperarure of che air wirh vapour rario x/ vapour 

concencracian c/  pressure p, afcer an adiabatic sarurecion) 

Car~rw4 : MODELLING: HYGRIC ASPECTS PAGE 4.5 
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e . 2 . 3  Relations between quantities 

@he state of a dry air - vapour mixture is chermodynamically defined if the 

temperature and one of the given quantities are known. The one given, allows 

@o calculate all ochers: 

Vapour pressure -> vapour concentration: 
0 D 

yiapour pressure -> vapour r a ~ i o :  

mapour pressure -> Kelative humidity: 

0 
Vapour pressure -> wet bulb temperature: 

p - ~'(8.)- 66.71. (8-8.) 

e 
0 . .'l' 

Condensation - Evaporation 

An easy way to follow the changes in a dry air - vapour mixture is by using a 

Qsychrometric chart: the graphical represencation of all conditions of moist 

e i r  within =he annospheric range. An example of such a chart is shorn in fig. 

4.2. In the figure. che saturacion line and the lines of equal RH are drawn as 

function of temperature 

&densation now starts when, during a change of state, the vapour pressure p 

c a c h e s  che saturation or 100% RH- line. Two clear ways exists: either 

moistening the air without change in cemperature, a so called isothermal 

*curation, represented by a line, parallel to the p-axis, or cooling the air 

wichout changing the vapour pressure, a so called isobaric saturation. 

aepresented by a line, parallel to the temperature axis. The cemperature of 

0 

0 
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the moist air ac the intersection point in a isobaric saturation, is called: () 
rhe DEWPOINT (see quantities). 

a 
Example 

Air at 20.c and 60% RH: 

vapour pressure: 2340. 0.6 - 1404 Pa a 
vapour concentration: 1404((462. 293) - 10.3 g/ml. a 
vapour ratio: 0.621. 1404/(101300-1404)- 8.7 g/kg. 

To achieve an isothermal saturation, we have to increase che vapour pressure 

wich 2340-2404- 936 Pa, this means adding some 7g of vapour per rn3 of air or 

some 5.9 g of vapour pro kg of dry air. In a non ventilated, isochermal room 

with a volume of 40 m3,that means a vapour production of 280 g. 

An isobaric saturation requires cooling of the air to 12'~. 12'~ is the 

dewpoint of moist air at 20'c and 60% RH 

a 
In buildings, both ways of saturating moist air are mixed: we have at the same 

time vapour production and, cooling of the moist air against the inside a 
surfaces of the outside walls. Once laying on the saturation line, i.e., once 

P - P' or 8 - 8 the point, representing the state of the moisc air, moves 

along it, with condensation or evaporation going on. Both are coupled to the 

figure 4.2 The psychometric charc, isochermal and isobaric changes of scsce 
of che 'air-vspour' 
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'release (condensation) or uptake (evaporation) of the IATENT HEAT OF 

EVAPORATION, approximately 2.5.106 J/kg. (table 4.2). 

'This larent heat introduces a strong coupling between heat transfer and 

evaporation/condensa~ion. 

The lacent heat of evaporation under atmospheric conditions 

regression line: h - 2.5 ,106 - 2430 . @ 
r4 - 0.999 

a 
4.2.5 Vapour transfer from and to a surface ' 
Yapour flow in the air is directly and + totally 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 che stagnant 

'air boundary layer has to be crossed by diffusion. This is conventionally 

a described by an equation: 
g - P.(P - P.) 

'with the surface film coefficient for diffusion, p the vapour pressure in 

t h e  air and p, the vapour pressure at the surface. 

If, insread of the vapour pressure, the vapour concentration is used, the 

f o r m u l a  becomes: ' s - 0". ( c  - c , )  ( 4 . 4 )  

Between 0  and the convective heat surface film coefficient h,, a relation 

'exists, given by: ' a -  
h, , [ c,.R,.T.6, 

c,.R,.T.p, A S  1 
a 

This equation can for building applications be simplified to: ' h,. 6, a m - -  - 7 . 4  E-9 . h ,  ' A a  

' 
C m ~ r w  4 : MODELLING: HYGRIC ASPECTS 
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In boch. 1. is the thermal conductivity, Sp the vapour permeability, cp the 

isobaric specific heat capacity, R. the gas constant and p ,  the volumic mass. 

all related to air. 

Formulas (4.3) and (4.5) are used as a tool to calculate the condensatian- 
* 

evaporation quantities. The heat released or absorbed during these processes 

is: 

q - g.h. - D.h..(p-p.) = 0.0185. h..(p-p,) 

As long as a non capillary surface is moist, the vapour pressure against it is 

chr saturation value (RH - 1002). 

4.3.1 Hygroscopicity 

As vapour diffuses into or out of pares, typical physical phenomena occur in 

the pore, resulting macroscopical in an increase or decrease of the moisture 

conrent of the material. That processus is called SUCTION or HYGROSCOPICITY 

- hygroscopic materiels 

Let's start from a dry macerial and raise the RH in che surrounding air 

stepswise, each step being maintained long enough co reach an equilibrium 

situation in the macerial. As long a s ,  for each step, a difference in vapour 

pressure exists becween the air and che pores in the material, diffusion into 

the pore syscem goes on. For very low XH (0 r RH r 20%), che incoming water 

molecules are adsorbed against the large amount of pore wall surface per m3 of 

material. A monolayer of watermolecules is build, resulting in a measurable 

increase in moisture content, given by: 

c . 4  
w, - 2 . 6 2 .  10-% AA,. - (4.7) 

1 + C 
wich Ap: the specific pore surface (m2/m3) 

C : the energy of adsorption between the water molecule and the 
 orew wall: C - k. exp[(h,- h.)/(R.T)I 

k : the adsorption constant 
ha: the hear of adsorption (J/lrg). 
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@Once Q passes 20%. che monolayer adsorption curns ro multilayer: 

1 - (n+l). ($/loo)" + n. ($/lOO)nil 
v, - 2 . 6 2 .  10-6. A,. 

1 - ("-1). ($/loo)" - n. ($/lOO)nii 

@with n : the number of layers 

@ ~ c  $ = 30Z. che adsorbed layers in the smallesc pores touch one another: 

vacer menisci are formed. Once that happens, adsorption turns to CAPILLARY 

CONDENSATION (fig. 4.3). This phenomenon is governed by Thampsons law: 

P.. - P'. expl-p,/(R.T.)I ( 6 . 9 )  

@wich p,.: che saturation pressure above che curved meniscus 
p, : the capillary succion in the pore, given by: 

o . ~ ~ ~  a 
PC = 

W l  + w 2  

with o : che surface censian (N/m) 
a : che cancact angle meniscus - pore wall 
r , :  che curvature radii of the meniscus (fig.4.3) 

Cltr~rnt 4 : MODELLING: HYGRIC ASPECTS 
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With a further rise of the RH, capillary condensation 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 saturation is 

never reached: the rnoiscure content blocks at the capillary one! 0 
The hygroscopic curve, builc up in that way, is called the SUCTION ISOTHERU of 

che macerial. Ic is S-shaped (fig.4.4) wich: 

- a steeper increase ac low RH, the higher the porosity and the smaller the 

pores: 

- a s l o w e r  or steeper, more or less linear increase at higher RH, dependent 
0 

of the pore distribution in the material. 0 

If we start from a water saturated porous material and lover the RH stepvise, 

a drying route is found, comparable vith che hygroscopic vetcing. Hovever, 

between both rouces a hysteresis exiscs, with, for the same RH, a higher 
0 

moisture concenr, on the drying than on the vetting suction isotherm. 0 

figure 4 . 4  The succion isocherm 
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0 
In literature, diEEerent reasons for this hysteresis are given: 

- the different moisture conditions in a water sacurated sample, compared 

0 ro a capillary sacurated one (influence of entrapped air!); . - 
other menisci during drying; 

- the slowness of the drying processes inducing the danger of taking a 

state, which is still slowly evolving, as equilibrium; 

- thermodynamic equilibrium diEEerences 

0 
The wetting-drying succion isotherm is a fundamental moisture characceriscic. 

0 . .  speclflc for a given material, at least a s  far as che salt content remains 

restricted. High salt contents may result in a much more pronounced 

hygroscopicity. 

0 

0 K 50 
Irn @ I%,  

The hygroscopic hysteresis 

0 
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- "on- hygroscopic materials 

In an ideal non hygroscopic macerial, che adsorption constant equals 0 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 isocherm a c t s  as  moisture capacity in all vapour transfer 

processes in capillary-porous materials. In fact, the vapour transport 

equation looks like: 

wich a w,/a 4 :  the specific h groscapic moiscure contenc or capacity c" 
of the materia? 

6~ : che vapaur conductivity of the material ( s e e  diffusion) 

For all materials, cn is a function of RH. Supposing isochermal conditions and 

simplifying the suction curve to a 0-step/ straight line/ 100%-step function. 

the specific moisrure capacity becomes: 

CH - /PI (4.12) 

wich a,: che slope of the hygroscopic line 
p': the saturation pressure, coupled to the isochermal condition. 

p' .6, /a, stands for the isothermal vapour diffusivity Dp of the material. For 

most hygroscopic materials, Dp is only a fraction of the thermal diffusivity. 

That means that vapour flow and -storage are very slow phenomena, not 

influenced by short term, non-steady-state, boundary conditions . . . .  

Example: Concrete. 8- 20 'C 

hygric a, /p' - 1,84.10-' kg/(m3.Pa) : 6, = 1.85.10-" s 

thermal pc - 2250000 J/(m'.K) ; i - 2.5 W/(m.K) 
hygric diffusivity 1.0 E-9 mZ/s 

thermal diffusivity 1.1 E-6 mZ/s 

Or, the hygric diffusivicy is 3 orders of magnitude lover than the thermal 

diffusivitv! 
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Vapour cransfer by diffusion 

V a p o u r  transfer in and through porous materials is caused by vapour diffusion 

and .convective flaw of moist air in and through the pores. As Tar as 

.microporous materials are concerned, the hydraulic resistance is so big. that . convection may be omicced. . . 

- Ficks equations 

To describe the diffusion process in the material. Ficks law for the density 

of vapaur flow rate is used: 

- f o r  dry materials: 

g - 6. c,. grad(c/c.) (4.13a) 

- for hygroscopically wet materials: 

g - 6. Leaz/(c.-c) I .  grad(c/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 vapaur conductivity or permeability of 

the material. For the 'dry air- vapourf- diffusion in the pores. 6 is defined 

with D,.: the binary diffusion coefficient 'dry air- vapour' 
pa : the acmospheric pressure 
T : the air temperature in K. 

.The factor p in the equation is called THE DIFFUSION RESISTANCE RATIO of the 

amaterial, expressing how much lower the vapour conductivity of the material 

is, compared co che value for stagnant air under the same pressure and 

l temperature. Far stagnant air, p is 1. This is the lowesc value. The highest 
is - far a vapour Light material. 

Ovapour retarders are materials with a high to very high p-value. Especially in 

a t h e  German and Ducch literature, p replaces 6 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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macerial. Because of this link wirh porosicy and porous system, one ma) 

understand the imporcanc scarcering of p-values for che same macerial . . .  
For hygroscopic materials, p, as 6, are explicite functions of the moisrure 

content, or, by rhe suction curve, of the RH in the macerial, in the sense 

that p lowers and 6 increases with raising RH. 

- simplifications 

For cemperaturcs below X'C, l:he equations Tor chc dry a n d  wct material. 

simplify ro: 

o r ,  wirh 6 / RT - 6,: 
g - Ip.grad(p) (4.16) 

6, can also be written a s :  

wirh RT/D,. - N, the diffusion constant, units: s-1 

6p and N are, a s  formula (4.14) shows, explicit functions of temperature and 

air pressure. However, as far as the narrow temperature differences between 

in- and outside of cold moderate climates are concerned, the temperature 

influence is coo weak to have a major impact: hand calculations can be done, 

assuming a constant value: N- 5.4.E+9 5-1  

In ID- sceady-stace conditions (i.e. using long term mean climatological 

data), equation (L.16) becomes for a single layer wall (fig.4.6) 

g - (p~-pd/(N.~.d) (4.17) 

with p, and p2: the vapour pressures on both sides of the wall. 
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 heor ore tic all^, we should cake the vapour pressures ac the surface. 

Practically, compared to the diffusion resistance of che wall, the vapour 

.surface film resistances 1/,B are so small, that p, and pz apply for the vapour 

a pressure in the air at bath sides of the wall. 
We call ( N d )  the diffusion resistance of the wall, symbol Z, units m/s. 

'(p.d), uni'cs m ,  stands for the diffusion thickness. 

For a composite wall, the steady-state vapour transfer equation becomes 

'(fig.4.1): 

g - (~~-~z)/[N.X(pi.di)l (4.18) 

with X(p.d>): the diffusion thickness of the composite wall ' 
The diffusion thickness replaces the p -  or 6p-value for: 

- all non homogeneous layers 

- layers for which the thickness cannot or is difficult co measure 

0- layers for which the thickness is so small chat the layer has no 

0 significant thermal resistance. 

E x a m p l e :  The composite facade wall of the Zolder case study dwelling 

f r o m  the inside to the outside: 

gypqum laster, d - 1.5 cm ,' - 5 
lnslde Eeaf in brick masonry work, d - 18 cm p - 10 
cavity, d - 5 to 6 cm pen = 0.3 ' outside leaf in facing bricks, d - 9cm ,‘ - 10 

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: 
a 500 

g = - 3.3 E-8 kg/(mZs) or 0.12 g/(mzh) o r  2.9 g/(rnzday) 
1.5 E+lO 

This result shows, as did =he hygric diffusivity calculation for concrete, how 

'slow vapour diffusion is: only some 3g/m2 of vapour passes, for mean boundary 

@conditions, per day, through the cavity wall! Each inhabitant should need 400 

m2 of wall to evacuate his perspiration by diffusion only!! 

' 
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figure 4 . 6 :  Single layer well figure 4.7: Composite wall 

figure 4.8: Example of a steady 
state diffusion calculation 

figure 6.9: Wetting by 
capillarity drying by diffusion 
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a 
Capillary wetting- drying by diffusion 

When condensation starts on a capillary surface, the condensate is sucked and a . .  a cr~tzcal moisc surface layer, vith thickness dl develops (fig 4.9). As che 

e n s i d e  vapour pressure drops below the saturation pressure at the surface, 

drying begins, starting at the surface but instantaneously shifting into the 

amarerial: at the critical moisture contenc, capillary flaw to the drying 

surface in fact is impossible. Because of the increasing diffusion resistance, a drylng slows down progressiveley added ca the surface film resistance, che 

amore the drying front retires into the surface layer. As a Consequence mare 

time is needed far drying, a diffusion phenomenon, then for wetting, a 

.capillary reality! 

a If condensation and drying aleernace with time steps Ac. and Atd, then a first 

order approximation of che critical wet layer imbalance d is given by: 

wich w,,j the critical moisture content 
wH . the hy roscopic moiscure content for 4- 98% l p : the diffusion resistance ratio of the material (value for high 

D u l l  .... . , 
8 : the surface film coefficient for diffusion 
pi : the inside vapour pressure 
p :  the saturation pressure at the surface 
index c - "during condensation" 
index d - "during drying". 

'IF d 5 0, AN EQUILIBRIUM BETWEEN WETTING AND DRYING EXISTS. IF NOT. THE 

'HATERIAL IS SLOWLY WETTED BY SURFACE CONDENSATION AND THE SURFACE RH REHAINS 

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 

permanent, background ventilation rate, stabilising the inside RH at a mean 

level, to avoid mould germination. Where thac level is, depends on the thermal 

quality of the building envelope, the inside temperature and the vapour 

a 
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0 
Example: The bathroom of the dwelling of che Zolder case scudy (fig.4.10) 

figure 4.10: che bathroom 

Suppose che bachroom is in use far cuo hours a day, 1 hour in the morning and 

1 hour in the evening. (Atc - lh ; AQ - 11 h) 
When in use. che RH goes co 100% and condensation takes place againsc every 

surface, including the colder gypsum plastered ceiling (sleeping rooms nor 

heated). Difference (pi-p',),: 840 Pa. 

Next, during eleven hours che inside temperacure drops co 10ec and che mean 

difference (p',-p,), stabilises around 125 Pa (4, - 90%). 
For gypsum plaster w - 320 kg/m3; w, - 236 kg/m3; p - 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. 

Uich a more intensive use of the 'bathroom and/or a lower (p'.-p,), during che 

drying period (bad ventilation!), we may realise d z 0 i.e. a slow moiscure 

accumulation in the plaster and severe mould growch . . . .  
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w i t h  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 

a i c h  thermal information, the possibility of surface condensation or too high 

surface RH can be checked, hygroscopic influences cvaluaced . .  ecc. 
@he way the balance is discussed in this chapter in a very syscemacic one: 

- firsc che most simple c a s e :  NO CONDENSATION, NO HYGROSCOPICITY 

- then adding: SURFACE CONDENSATION AND SURFACE DRYING 

- and finally, introducing: HYGROSCOPICITY 

0 
4.4.1 No surface condensation, no hygroscopicity 

0 - 
Scarcing from the mass balance: 

incoming vapour + vapour produced in the zone 

a - 
the outgoing vapour + the vapour stared in the zonal air 

0 

.and assuming chat: 

- the inside air is characterised by 1 overall vapour pressure and air 

temperature (-ideal convective mixing) ; 

@- che ourside air, entering through leaks, open windows, ventilation 

devices . . . ,  can be represented by 1 outside air vapour pressure; 

0- all vapour produced in che zone is mixed instantaneously and 

homogeneously wich the zonal air; 

@ -  che air and all inside surfaces are ac the same temperature, condensation 

is only possible if che inside RH equals loo%, 

we may wrire: 

462.Ti 462.T, 462.T, d c 

the vapour production in k /h 
che ventilation rate in h-k 
the gas constant for vapour 
the lnside temperature in K 
the zonal volume in m 3 .  
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Rearranging (6.20) gives: 

d Pi 462. T,. G, - + n.p, - n.pe + 
d t V 

In equation (4.21). Cp, Ti, n and p. are time dependent. Hence, exacc a. 
analytical solutions are only possible for simple cases such as steady-state, 

sudden change in vapour production or outside vapour pressure (the other 
la 

parameters remaining conscant), periodical vapour production and periodical 

outside vapour pressure 

4.4.1.1 STEADY-STATE SOLUTIONS 

Sceady-stace stands for: mean values of vencilacion race, vapour production. 

oucside vapour pressure, inside vapour pressure over longer periods (1 week, 1 

month, 1 year) . . .  'a 
The equation becomes (dpi/dt - 0): 

stacing that: 

- che mean inside vapour pressure can never be lower chan the mean outside 

vapour pressure ( - . . + . a ) ;  

- the difference (p,-p,) increases wich higher vapour production or lower 

ventilerion rate (r Pdn). This is illustrated in fig.4.11, the relacion 

[n,(p,-p.)] being a hyperbolic, the relation [Gp. (pi-p.)] 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, still more does noc result in a 

significantly lower (p,-p.) . . .  
- for a constant ventilation rate and vapour production, che difference 

(p,-p.) will be higher, the smaller the zonal volume . . .  
This explains to some excent why more complaints about mould are 

regiscered in social dwellings chan in middle class houses : the last 

have a larger volume! 
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. 
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. 
figure 4.11 Graphical presentation of the Apia - f(n,G,)-relation 
., 

.figure 4.12 Living room of the Zolder case study dwelling 
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Example: The living room of the Zolder c a s e  study dwelling: 
' a 

Before retrofitting of the early eighties, the mean ventilation race by 

infiltration and stove heating oscillated around 1 h-1. After, with the 

replacemenc of the leaky steel windows by draughc stripped PVC- frames and the 

installaZion of a gas fired radiator central heating, only some 0.2 to 0.3 h-1 

were left. a 
- The mean vapour production did not change: rlZO g/h 

- Mean inside air temperature : ~ B ~ C .  

- zonal volume : 79.95 m3 

Difference (p,-~.) ( s e e  fig.4.11): 

462 .(273.16 + 18) .0.120 
before: - 202 Ps 

79.95 

Inside RH ( 0 , -  18-c): 

Month before 
#i [ r i  

after 

Therefore, the poor ventilation reality after retrofitting has an important 

effect on che inside RH and, through that, on the chance on mould, so widely 

present in the escate! 4 
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a 
a 4.4.1.2. NON-STEADY-STATE SOLUTIONS 

oCASE 
Conscant: ventilation rate, inside temperature, outside vapour pressure. 

a ~ n s i d e  vapour production starts or changes at t-0. 

@As solution of the balance equation, we get: 

P, - pi. + (pi,, - pi.) . exp(-n.t) (4.23) 

@with pi-: the inside vapour pressure steady-state value 
p the inside vapour pressure at t - 0. 

0 
The result shows thac in non-steady-stace conditions, the hygric inertia of 

a t h e  inside air volume V is relevant. the time constant being the inverse of 

=he ventilation rate: l/n. The betxer the ventilacion, the quicker the near 

steady-state inside vapour pressure pi. is reached and the lower it is. 

I f  the moisrure production stops at t - 0 ,  then (4.23) becomes: 

pi - P. + (PI. - P.) . e w - n . t )  (4.24) 

0 
This equation allows, assuming chat no surface condensation took place during 

l the vapour producxion interval and no hygroscopic inertia exists, an estimate 
of the ventilation rate to be made from a thermo-hygrograph registration, as 

show in fig. 4.13. P,, = 0,-I 0,- peI.e-"' 

figure 4.13 Guessing che ventilacion rate from a hygrothermograph oucput 

a 
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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. Suppose 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 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

6, 0 0 0 0 0 0 0 o)<---.------.--- 206 g/h .-...---....... >lo 0 

Take a winter day, outside climate: 8. - 0.7'~. 4. - 79.52, p. - 504 Pa; inside 
temperature: E ,  - 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: wich 

n - 1 h-l, changes ga on quickly and the low level pi and 4i steady-scate value 
and p, again are reached within 3 h; wich n -0.25 h-1, after the 14h of vapaur 

production, steady-state is not yet reached and next morning, p i  is still 

higher than p,. pi and 4i also climb to high levels (- an important oscillation 
in pi and 4,-value!). 
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. 
figure 4 . 1 5  Solution b y  vector- calculus 

CASE 2 

@~onstant:ventilation rate. 
Outside vapour pressure and inside vapour production oscillate with a period T 
and amplitude Gp and p.. 

The harmonic solution of the balance equation is: 

- 2.n.t 
PI - Pi [PI. . COS(- + q.m + v)l (4.24) . T 

with: 
Pe R.T.Gp . L l  - - Pi(.-21 = - 
AT n.V.AT 

0 
In these, AT stays for the attenuation factor and p for the phase shift 

@between the pe and Gp oscillarion and the p, result: 

2 . n  
A T -  I+[--] 

n. T 

Q(4.24) shows that, compared to steady-state, in harmonic mode an amplitude 

0 attenuarion and a phase shift exists becween oscillations in outside vapour 
pressure or/and inside vapour producrion 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 rhe ventilation rate: the shorter the 

.period and the lower the ventilation rate, the larger the attenuation and che 

ophase shift. . 
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a 
SOURCE Hmr a 

a 
Equation ( 4 . 2 4 )  i s  e a s i l y  t ransposed t o  veccor  o r  complex number c a l c u l u s :  on 

the  goniometr ic  c i r c l e ,  p. and G, a r e  v e c t o r s  v i t h  a n g l e  q l  and m2 v i t h  t h e  

cos- a x i s .  pJAT and (R.T.Gp)/(n.V.AT) are a l s o  v e c t o r s ,  both s h i f t e d  over an 

angle  q compared t o  p. and G,. 

p, i s  g iven  by che v e c t o r  sum of pJAT and GJAT: see f i g .  4 .15 .  

Example: The l i v i n g  room of t h e  Zolder  case s tudy  dwel l ing .  

The oucs ide  temperature i s  2 . 7 ' ~ ,  the  i n s i d e  temperature 1 7 . 9 - C .  On a d a i l y  

b a s i s ,  the  vapour p roduc t ion  shows a harmonic c o u r s e ,  v i t h  a mean va lue  of 120 

g/h and an  ampli tude of 120 g/h,  maximum value a t  1 5  h .  Also t h e  o u t s i d e  RH 

changes harmonical ly v i t h  a mean of 84.5% and a n  ampli tude of 51, maximum 

value a t  11 h .  The r e s u l t i n g  i n s i d e  vapour p r e s s u r e  and R H  b e f o r e  and a f t e r  

r e t r o f i t  a r e  g iven  i n  f i g . 4 . 1 6 .  

As a t t e n u a t i o n  f a c t o r  and phase s h i f t ,  ve g e t :  

CASE AT 9 l h l  

before  r e t r o f i t ,  n  - lh-1 1 . 0 3  1 
a f c e r  r e t r o f i t ,  n - 0 .25  h-1 1 . 4 5  3 

However, i n  s p i t e  of the  h igher  a t t e n u a t i o n  f a c t o r ,  t h e  i n s i d e  vapour 

p r e s s u r e  and RH cl imb much h igher  a f c e r  r e t r o f i t t i n g t h a n  before:  

HAX AFTER BEFORE 

If  no a i r  volume i n e r t i a  i n t e r f e r e d ,  ve s h o u l d - f i n d :  AT- 1,- 0  and 

HAX AFTER BEFORE 

- ' (2052) 965 - 70b.0! 4 7 . 0  

i . e  a f t e r  r e t r o f i c ,  condensat ion occurs  everyvhere .  
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0 VOP3ur p r o d d i o n  wts ide vapur pressure = hormonic function: telore the retrofit 

0 A f l e i  the retrofit 
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CASE 3 ~~ 

All parameters variable: outside vapour pressure.ventilation rate, inside 
temperature, inside vapour production. 

An analyrical solution is noc 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 solution: 

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 wich increasing, less with decreasing production 

I"m 
figure 4 . 1 7 ( 1 )  Variable moisture producrion and venrilation rare 
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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 cancact with the 

kitchen, the door between always being open. So the cooking vapour production 

peeks are directly transmitted to the living space. Suppose before and after 

a retrofitting a vapour producrion scheme given by (fig.4.17(1)): 

(1) night, no people in the living room 
2) breakfast 

a mean of 2 people being present 
(4) noon cooking 
(5) a mean of 2 people bein present 

(7) evenin cooking 
f (6) daughter visits: 3 peop e 

(8) 2 peopfe television watching 
(9) night 

The ventilation rate is either constant or in line with che vapour production: 

a CONSTANT: before: 1 h-' .; 

after : 0.25 h-1 

LINED: before: 

h 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

. . . . . . - 0.8----->1,6< 1.2>1 I<--0.8->1<1.2>1 <-----0.8------ 
1.72 1. !! 

after: 

a h 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

. - . . . . . 0.2----->i,l< 0.321 I<--0.2->1<0.3>( I<-----0.2------ 
0.43 0.4 a 

The law ventilation rate afcer retrofit, during cooking, is a consequence of 

the impossibility of the kitchen hood to work well: it creates an 

a underpressure but no effective ventilation 
As hourly mean climatological data, we have (measured with therm~h~grographs 

a 
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The resulting inside vapour pressure and I<H, are  drawn in Cig.4.1?(2). Thesc 

figures show some interesting features: 

- alignmg the ventilation rate with the vapour production results in a 

clear benefit on maximal inside vapour pressure and inside RH: 

n MAX (at 13h) AFTER BEFORE 

constant p, (Pa) : !y2' 1587 
4 (x) 65.8 

lined pi (Pa) 2188 1281 
d tx) 90 .7  53.1 

- the low ventilation rate after retrofitting results in a rather slow 

decrease in vapour pressure after production peaks, the higher value 

befare gives quick changes on much lover pi- levels; 

- the dynamic mean value of inside vapour pressure and KH is very close Lo 

che steady-state result an daily mean basis. 
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0 
4.4.2 Surface condensation, no hygroscopic influences 0 
Surface candensacion is possible as soon as the assumption of a totally 

isothermal zone (air and all surfaces at the same temperature) is lefc aside. 
0 

In practice, chis is always the c a s e .  With surface condensation or drying, one 

has co add two extra terms to the mass balance, one to the production side and 
0 one to the release side: 

incoming vapaur + vapour produced in the zone 
+ THE VAPOLR, DRYING FROM WET SURFACES 

- 
outgoing vapour t the vapour stored in the zonal air 

+ THE VAPOLR. CONDENSING ON DIFFERENT SURFACES 

If the assumpcians of ideal mixing of the inside air and 1 outside air vapour 

pressure are maintained, the balance equation becomes: 

wich ( 1 ) :  che condensation / dryinp. term 
P : the diffusion inside hurEece film coefficient 
A : the surface where condensation / dr ing takes place 
p :  the saturation pressure on that surgace. 

Rearranging (4.26) gives: 

TO s o l v e  problems of surface condensation / drying, equation (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 wacer vapaur per m2 have 

condensed, M g can dry . . .  
If the surface temperature changes from poinc to point, the Z in formulae 

(4.26) and (4.27) has to be repiaced by an integral. 
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.In the equations, all parameters except the volume V, are time dependent. That 

makes exact analytical solutions only possible for simple cases such as 

esceady-state, sudden change in vapour production, harmonic changes, e t c .  . 
4.4.2.1 STEADY-STATE SOLUTION . 
As s t a t e d  under  4.4.1, steady-state holds for mean situations (1 week, 1 

month, 1 y e a r ) ,  and mean values for all parameters. . Equation (4.27) turns co (dpJdt - 0): 
1 462.T, 1 

.Gp+ - .Z(~J.AJ.P'.~) (4.28) 
B n.V.B Pi'-.Pst- n.V.B 

This steady-stare solution shows that 4 major influences are relevant to p,: 

- a linear relation with che outside vapour pressure. 

- the vapour production 

- condensation / drying 
- a hyperbolic relation with the ventilation I rate 

. 0, 
I r i /h l  

figure 4 . 1 8 :  Influence of condensation- drying on &pi.-f(G,). 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 equal the outside value in the absence of 

further vapour production but remains higher. This situation persists. until 

all condensate has dryed. 

With condensation, the slope of the line p,(G,) is also weaker than wichout. 

i.e. vapaur production has less inEluence on the inside vapour pressure than 

without condensation (fig.4.18): 

Example: The living room of the Zolder c a s e  scudy dwelling. 

The room has vindows on the screet and garden sides with catal glass surface - 
7.11 m2. Before retrofitting, bath windows were single glazed. During the 

retrofitting work, they have been replaced by double glazed PVC-frames. 

Ventilation race: 1 h-1 before and 0.25 h-1 aEter retrofitting: inside 

temperature 18'~: vepaur production Gp - 120 g/h. 
Before retrofit- 

MONTH 
O E  4. SURF. COND. PI 

Z on single glas Pa 
Q i z 

J 3.0 89.3 no 881 42.6 
F 3.9 90.7 no 936 45.3 
M 6.4 92.3 no 1087 52.6 
A 9.1 91.3 na 1259 
0 

61.0 
9.1 91.3 no 1259 61.0 

N 6.0 92.3 no 1065 51.6 
D 3.6 90.2 no 915 44.3 

After retrofittu 

MONTH 
O E  4. SURF. COND. P1 ti amount of candens 

X on double glas Pa g/m2day 

J 3.0 89.3 Yes 1420 68.8 33 
F 3.9 90.7 Yes 1458 70.6 42 
M 6.4 92.3 yes 1562 75.6 
A 

66 
9.1 91.3 yes 1686 81.7 

0 
89 

9.1 91.3 yes 1686 81.7 89 
N 6.0 92.3 yes 1547 74.9 
D 

62 
3.6 90.2 yes 1443 69.9 39 

or, with n - lh-1, we have no monthly mean surface condensation on single 
glazing! That does not mean that, during shorter periods, we may never have 

some surface condensacion, 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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e f c e r  recroficcing however, w i ~ h  n - 0.25h-1, we g e ~  monthly mean surface 

condensacion on double glazing! The amouncs of condensace are substantial: in 

@face, during che colder half of the year, the glass remains continuously wee, 

. f o r  che inhabitants an annoying situation, in direct concrasc to che double 

glass selling slogan of "no longer wet windows....". 

@ solution, suggested by some, is to replace a pare, or  he whole of che 

double glazing by single glazed panels. Suppose this is done and some co all 

@double glass is omitted. For April, we get as function of the single glass 

-surface ( SG - single glazing. DG - double glazing ) :  - 
SURFACE SURF.COND.on the Pi '$ amount of condens 
SG (m2) SG DG Pa SG g/(mZd) DG 

0.0 yes 1686 81.7 89 
0.3 Yes 1677 81.2 936 67 
1.0 Yes yes 1653 80.0 702 14 
7 1 ve c Y" 1456 70.5 205 , . -  , -- - -~ 

@with 0.3 m2 SG: a ventilacion window; 

1 m2 SG: che openable window single glazed; 

7.1 mZ SG: 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; 

@- 

=he amouncs of condensate per m2 on the lictle 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 weL windows and higher heat 

a losses... 
A correct conclusion is that replacing double by single glazing does not give 

@a sacisfactory solution: much better is to ameliorate the permanent 

ventilacion (fig. 4.21). Results for April: 

%TILATION RATE SURF.COND. Pi h amount of condens 
h-1 on the DG Pa Z on the DG g/(m2d) 

0.1 yes 1764 85.4 263 
0.25 yes 1686 81.6 89 
0.4 
0.6 

no 1561 75.6 0 
no 1393 67.4 0 

1.0 no 1258 60.9 0 

0 
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figure 4.19: windows 

A 

figure 4.20 Amouncs of condensace figure 4.21 Idluence of an increased 
on lm2 of single glazing mean vencilarion race on A p , ,  
on daily basis a 
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ASE 1 

Constant: ventilation rate, inside temperature, outside vapour pressure. 
vapour product-ion starts or chanp,cs at t = 0 ,  condensation on surface 1 

eglns at time El. 

es the solucion of the balance equation when condensation- drying scares, we 

e i c h  p,.,: che steady-state inside vapour pressure value vith 
condensation / drying on surface 1 

p :  saturation pressure on 1 
a : the equivalent ventilation race, glven by: 

P= he solution shows that in non-steady-state conditions, surface condensation 

and drying are equivalent to a fictitious increase in ventilation rate: the 

more cotidensacion--~/ drying appears, the quicker the near steady-state inside r 
pressure uill be reached. 

moisture production stops at time t2, then (4.29) becomes: 

PL - ~,zmi+ (pitz- Pi2.,).exp[ -a.(t-tz) 1 (4.31) 

pitz : the outside vapour pressure at the moment the production 
stops 

piZml: the steady-scate inside vapour pressure given by (4.28) for 
G, - 0. 

(4.31) holds as long as not all the condensate on surface 1 has dried. k or a run on a daily basis, we have to combine the solution for no 

condensation vith the one for condensation, the last to be adapted stepvise, -4 
each time condensation starts on another surface with higher temperature ratio 

)ha" the previous one. During the drying stage, the amouncs of condensate 

remaining on all surfaces have co be monitored. Once a surface dry, it is 

@dropped from the equation. 

0 

0 
C w r m  4 : MODELLING: HYGRIC ASPECTS PAGE 4.38 



IEA ANHEY XI" "CONDENSATION AND ENERGY" Somr Bmn 

Example: the step function example wich no condensation. 

The vapour production in the Zolder living room starts each day at 8 p.m and a 
goes on at a constant race until 10 a.m, so, che daily vapour praduccion 

scheme looks like: 
a 

Before retrofitting, we have: n - 1 h-1 and 7.11 m2 of single glazing, 
aftervards : n - 0.25 h-1 and 7.11 mz of double glazing. a 

Some years later,the mould complaints led to a reinscallation of 1 m2 
a 

of single glazing. Take e vinter day, outside climate: 8.- 0 . 7 * ~ ,  4.- 79.51, C 
p.- 6 3 4  Pa; inside temperature: 8 , -  1 7 . 9  'C 

Inside vapour pressure and RH before and after retrofitting: see fig. L . 2 2 .  

The figures nor only shov che non-sceady-state effeccs but also the absence of 

"on-steady-state surface condensation on the single glazing before 

retrofitting, while aftervards, daily condensation on the double glazing is a Y( 
reality. Putting back a 1 mZ single glass panel only results in, accumulating 

condensate on this restricted surface, without eliminating the daily a 
candenmatian on che double glass. This surface condensation however cuts off 

the inside vapour pressure peak, spreading the daily moisture production 
0 

influence on che vapour pressure over all the day (in fact, as long as it is 

Vet, the single and double glazing act as vapour sources) and uncouples the 

condensation surface RH from the inside value: as long as =he surface is vet. 0 
one has against it 100% instead of the value: 

+>.P'I/P'~~ 
.. 

Drying of condensation on a surface with higher cernperature ratio, also 

induces extra condensation against the colder surfaces. Only when che warmer 

surface is dry, drying of =he next colder scerrs.This may result in long 

lasting wetting of the coldesc spots. 
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lig. L.22 . Stepfunction in w p u r  praduclicn 

6 1  m2 of double g~ozlng. 1m2 ot single giazirg 

otter the retrofit : condensat8on a, single and double glozing 

figure 4 . 2 2  

~0 
m 
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CASE 2 

Conscant:venrilation rate. 
Outside vapour pressure and inside vapour production oscillare with a period T 
and amplitude G, and p,. 

The use of the harmonic model for the surface condensation case ,  is only 

possible if the vapaur balance does nor jump from condeneatian/drying co no 

candensacion/ no drying. If so, the solution is easily written by introducing. 

in the formula 4.24, the equivalent ventilation rate instead of the 

ventilation rate n. 

Examole: the Zalder livine room 

We should have had as actenuacion factor and time shifc: 

CASE no condensation condensation 
AT Q lhl AT Q lhl 

A 1.03 1 1.015 0.5 
B 1.45 3 1.24 1.8 
C 1.24 1.8 

A - before retrofit. n - 1 h-1, 7.11 mz of sin le glass 
B - after retrofit n - 0.25 h-1, 7.11 m2 of dou%le glass 
C - 6.11 m2 of doubie, 1 & of single glass 

or. condensation clearlv lowers the inertia 

CASE 3 

All parameters variable: outside vapour pressure.venrilation rate, inside 
temperature, inside vapour production. 

In that case ,  we have to turn co  a finice difference approximation. using eg a 

mean differences technique: (WITH SURFACE CONDENSATION) 

n.At 462.T,.~t .2(pj.~,) 
with b, - 1 + - + 

2 2.v 
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a 
SOURCE Bmn 

-with At : the time sten 
pio : the inside vapour pressure at the start of the time step 
p,, : the inside vapour pressure at the end of the time step 

a p., n. G , Ti and P',~; the mean outside vapour pressure, ven- 
tifation rate, inside vapaur production, inside temperature 
(in K!) and condensation surface saturation pressure during 

rn the rime step. 

-(4.32) has co be combined with (4.25). che finice difference equation far no 

@condensation/na drying, using the scheme (j: coldest surface, only 1 

condensation surface): 

L 
Pi1 > prrj -> condensation -> use oi (14.32). 

calculation of the amount of condensate with: M,j-Z[p,.A,.(p,,-p'sj).At] 

< p' . ; QCj > 0 -> drying -> use of (4.32) with 6,  = 0 apt: < p':: ; Q,, - 0 -> no condensation -> use of (4.25) 
no drvinp 

a With more than 1 condensation surface, the control scheme applies on each 

@surface, the no condensation/no drying case only being the reality when all 

surfaces are dry, with, for the coldest, p,, < p',,. In all other cases one has 

am add (when condensation starts) or to omit surfaces (once chat surface is 

dry). The flnite difference ,scheme allows the study of fairly complex 

t@s1mat=ons. 

, 
I 
,'Let's go back to the Zolder llvlng room case w ~ t h  all parameters vanable, 

'*without condensation, vapour production scheme unchanged (fig.4.17(1)): 

h 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 I l 
Gp - - - - - - -  0 ----->L b< 100>1 I<--l00->1<150>1 <--100->I<-3.- 

0 700 40 !a (1) ( 5 )  (6) (7) ( 8 )  ( 2 )  (3) (4) 
d 

( 9 )  

nighc, no people in the living room 
breakfast 
a mean of 2 people being present 
noon cooking 
a mean of 2 people bein present 
daughter visics: 3 peopke 
evenin cooking 
2 peopke television watching 
night 

a The ventilation rate is either constant 
CONSTANT: before: 1 h-1; 

a after : 0.25 h-1; 

a 
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LINED: before: 
h 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

. . - . . - . 0.8----->1,6<-1.2>( /<--0.8->/<1.2>/ <-----0.8------ 
1.72 1. b 

after: 
h 0 1 2 3 4 5 6 7 8 Y 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

. . . . . . . 0.2----->~~~<-0.3>1 ~<--0.2->~<0.3>1 I<-----0.2------ 
0.43 0.4 

0 
Possible condensation surfaces: 

- before retrofitting: 7.11 m2 of single glazing 

- after retrofitting : first 7.11 mz of double glazing; then 6.11 ma of 

double, 1 m2 of single glazing. 

Hourly mean climatological data, s e e :  no condensation. 

Resulting inside vapour pressure, m i ,  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 ( s e e  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 double glazing is abundant and long 

lasting: the glass is dry only in the morning. The inside outside vapour 

pressure difference remains positive; 

putting 1 mz of single glazing reduces the condensace on the remaining 

6.11 mz double glass. However,the single glass stays awfully vet foc the 

greater part of the day; 

modulation of the ventilation rate with the inside vapour production. 

reduces the peaks before as well as after retrofitting and gives a 

somewhat lower mean inside vapaur pressure: 

pi. (?a) before retrofit. after retrofit. 

conscant vent. 780.2 1292 
modulated vent. 747.1 1256 

However, the very low night ventilation 'after' (0.25 h-I) results in 

permanently wec single glazing. 
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. before the retrofit.  

. 
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J 
ILI  
fig. L. O All  p m m t e r s  mrhb le .  vrnt i~ot ion rote tined 

oi ler lk refrol i t .  7.1 m' d h b l e  glozing 

l g .  L 23 . Al l  paromelers. except t k  ienl i lu l ion ruts I n =  0.25 K ' l  \orioble 
of fer ire re l r o f i f ,  6.1 m' of double g l o z i q  tm2 of single g l amg  

fig. L 23: All parameters wriobb? , lk m l i l o l i m  rots lirpd with the vamur po juc l i on  
al ter t k  retrof i t .  6.1 m'of double g l o2 i y  , lm' of single glazing. 

fig.4.23. 
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0 
Hygroscopic influences 

0 
In the paragraphs covering no condensation/no drying and condensation/drying. 

all zone defining walls and surfaces were implicitly supposed being non 

hygroscopic, i.e. buiIc of "on  porous materials or covered with non porous 

finishing layers. In reality, masc macerials and many finishes show a more ar 

0 less important hygroscopic reaction: chey take up or release vapour when 

0 
changes in inside RH occur: 

0 highly hygroscopic: wood, paper . . . .  
hygroscopic : concrete, mortar, cellular concrece 

0 less hygroscopic : bricks 

non hygroscopic : glass 0 
Hygroscopicity, also called suction, only interferes when relative humidity 

changes exist, i.e., when non-steady-state condicions prevail: in long lasting 

steady-state situations, the suction effects in face reduce to steady-state 

0 
vapour diffusion . . .  With suction, the zonal mass balance turns to: 

0 incoming vapour + che vapour produced in the zone 
- 

outgoing vapour + the vapaur stored in the zonal air 

0 
+ che vapour condensing on "on porous surfaces (1) 
+ THE VAPOUR UPTAKE BY ALL HYCROSCOPIC SURFACES (2) 

0 
(1) and (2) shifc to che other side of che equation when condensation turns to 

0 drying and hygroscopic vapaur uptake becomes vapaur release. 

4.4.3.1 THE BASIC HODEL 

Here, we maintain the hypotheses of ideal mixing. .etc, formulated before 

Pucting the balance into an equation gives: 

0 
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'LCsk stands for the vapour flov at the k different hygroscopic surfaces in the 

zone. Take hygroscopic surface k. Vepour reaches it by diffusion, the flov in 

the thin stagnant air layer just against it being given by: 

Gst - Bt.A,.(p,t-pi) (4.34) 

vith P, : the area in ml, 
Bk :che diffusion surface film coefficient 
p :  the vapour pressure at the surface. 

In wall k, just at che inside surface, the flov can be vritten a s :  

The mass balance in the wall looks like: 

a vk 
div (6, . grad p) - - 

a t 
or, supposing that the flov is one-dimensional: 

Studying suction influences now means: simultaneously solving a system of 

equations (4.34-4.36). with (4.35-4.36) for each hygroscopic surface. k 

surfaces results in 2k+l equations! 

In the syscem, equation (4.36) is non linear: both che vapour conductivity 6, 

and the hygric capacity (8 wk/ a 4) are highly RH-dependenr. Because of that, 
solving the system is only possible vith FEU-or FDM-techniques, unless 

simplifying assumptions are introduced. 

4.4.3.2 THEORETICAL APPROACH 1 

effective air mass multiplier concept 

The most simple concepc to represenc che moiscure scorage capacity of a 

building is the use of =he effective air mass multiplier. Several publications 

deal vith this model [16][17]. It assumes the hygroscopic moiscure to be 

stored in an equivalent extra air mass, reducing the system of equations to 

one : 
.d Pi 462.T.Gp 

Em.- + n.p,- ".pa + (4.37) 
d c V 

with &: the air mass multiplier. 

Cxaprw 4 : MODELLING: HYGRIC ASPECTS PAGE 4.47 



. 

.IEA Wwn x ~ v  "CONDENSATION AND ENERGY" 

.This concept virtually moves the storage effects from the solid part to the 

air. Even short term effects are approximated by this. The multiplier itself 

.depends on the surface to volume ratio, the ventilation race and the material . properties of the walls. The concept is often used in HVAC- simulation 

programmes. The advancage 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. 

04.4.3.3 THEORETICAL APPROACH 2: 

all material properties constant (- linearisation of (4.36)). use of a lumped 
'hygroscopic term (- firsc order approximation, called the effective 

~enetretion deoth conceot 1 1 8 1 )  

w 
Lumping is done by using an effective penetration depth db. The primary 

.assumption in it is that only a small surface bounded layer of the solid 

material contributes to the storage process. Temperature and moisture content 

'are assumed to be linear in that layer. 

. figure 4 .24  The effective penetration 
depch concept . 
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With it, (4.35) and (4.36) combine to: 

( 4 . 3 8 )  

figure 4 . 2 5  The specific hygroscopic 
capacity 
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0 
Problem in (4.38) is co find reliable values for the effective diffusion 

resistance Zk and che storage capacity CN. A choice as linearised storage 
0 

capacity over che effeccive penecracian depch, also made in the FAGO- model 

1191, may be: 
0 

As ics diffusion resistance, one may take: 

The sum in Chk has co be taken over  all material layers. situated within dh. 

In the diffusion resistance Zk contains all layers becueen the wall's inside 

surface and the storage capacity mass centre C of the effeccive penetration 

depth (fig. 4.24) (for a 1 layer accive thickness sieuaced in che middle of 

that layer); a, is the slope of the f linear cenrral part of che succion curve 

of material i (fig 4.25); p,  is its conscant diffusion resistance number. 

4 . 4 . 3 . 3 . 1  CASE 2.1 

STEP CHANGE IN VAPOUR PRODUCTION ( a l l  other parameters supposed time 
independent) 

We start with the simplest case :  1 hygroscopic surface, no-condensation / na- 

drying. The system reduces to: 

ZONAL HYGRIG BALANCE 

462.Ti.Ai 462.T,.Ak 462.Ti.G, 
( D + n +  ) . P i -  . Psk - n.Pe + 

Zk.V Zk.V v 

SURFACE HYGRIC BALANCE 

with D: the differenciacian operator. 
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C o m b i n i g  both, reduces the system to a second order differential equation: 

3 1 1 1  1 pe 462.T,.GP 

0 [DZ + (z-).D+-. -1 , pi - -  . (-+ v 
) 

EL ti t3 t3 tl 

a with the time constants t,, cz and tg given by: 

l Solution of the differential equation: 
pi - p,. + C, . exp(r,.t) + C, . exp(r,. t) 

l vith pi,: the steady-state inside vapour pressure value for a vapour 
production 6, and vencilacion race n. 

The roots rl and rz are: 

a 
The absoluce value of root r, ( . . + . . )  normally is so large chat C,.exp(r,.T) is 

l only imparcant the first moments after the step change. If: 

the differential equation turns to first order and root r2 reduces to: 

- l/(tl.t,) l r2 - 
z w i  

l The integration constants C1 and C2 depend on the starting conditions 
p,, and pSko If both are equal, ve get: a (~2+1/t,). (pim-pld (~,+l/h). (PI~-PIO) 

a c, - c2 - 
r1-=2 r z - r 1  

Other starting conditions give other integration constants. 

a 
0 

With m different hygroscopic surfaces, the differential equation theoretically 

becomes of m'th order. In practice, it can be replaced by a first arder 

, l equation with roo= r equal to: 
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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: 

a. p,. becomes the steady-state solution vith surface condensation / drying, 

b. in the time constant l/r - n. the ventilation rate n must be replaced by 0 
che equivalenr ventilation r a r e ,  defined above. 

c. the integration constants have to be calculated vith either pie - P',~. 
the saturation pressure on that condensation surface, or vith pie - plr, 
t:he inside vapour prcssurc a c  the start of dryin?>. 

Example 

Suppose all walls in the living roam of the Zolder dwelling are finished wich 

wall paper, d- 0.28 mm. Wall surface: 51 m 2 ,  from which 36.51 m2 outside wall 

and 13.73 m2 inside wall 

Paper characterisrics: a d  - 0.0120 kg@; 2- 29426 m/s (incl. I/&) 

Room volume : 79.9 m3 

Ventilation rate : before rerrofitting 1 h-1 

after retrofitting 0.25 h-1 

Inside temperature : 17.9 'C 

Starting conditions : pLo - pSto - p. 
The TIME CONSTANTS become: 

BEFORE l/t, - 1 h-1 ; l/c, - 2.91 h-1 ; l/c, - 5.81 h-1 
AFTER l/t, - 0.25 h-1 ; l/t, - 2.91 h-1 ; l/c3 - 5.81 h-1 
INSIDE VAPOUR PRESSURE : see fig. 1.26 

On che figure. the solution without hygroscopic inertia, no condensation, no 

drying, is also given. The storage effects are clearly present, leading to a 

Positive difference in inside-outside vspour pressure, over all the day. The 

effect is more pronounced after retrofitting, wich a low ventilation race, 

then before. 
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@figure 4.26 Stepfunction in vspour production 
Before (1) and after (2) retrofitting. hygroscopic influence 

a 
4.4.3.3.2 CASE 2.2 a 
VAPOUR PRODUCTION AND OUTSIDE VAPOUR PRESSURE OSCILLATING WITH PERIOD T 
( -  HARnONIC SOLUTION) 

*he harmonic solution gives a good understanding of the hygroscopic inertia by 

introducing tvo easy to understand quantities: the attenuation factor AT and 

'rime lag Q. With 1 hygroscopic surface, AT and Q are given by: 

- 
with T: the period 

o n o r e  hygroscopic surfaces complicate the expressions, with for each surface 

two extra time constants. An analytical solution nevertheless remains 

opossible. 

@Also becween che hygroscopic surfaces themselves and the inside air, we get an 

attenuation factor and time lag. In formula: 

0 
Both uncouple to a (restricted) level the inside RH and the wall surface RH. 

a 
Car~rnt4 : MODELLING: HYGRIC ASPECTS 

a 
PAGE 4.52 



IEA AHHn x ~ v  "CONDENSATION AND ENERGYt' 

0 
SOVRCF Bmx 0 

Example 0 
Suppose there is en oscillating moisture production in the Zolder dwelling 

living roam, with a mean value and an amplitude of 120 g/h, maximum peak at 15 
0 

h. As the daily mean inside temperacure, we have 17.9'~. The outside climate. 

is given by: 8 ,  - 0.7'~; 4.: mean - 84.52, amp1 - 5.01 peak at 11 h. 

The 36.51 m2 of outside wall end the 13.73 mZ of inside wall are papered, 0 
either as described in the seep function example or, with a thicker textile, 

d- 0.8 mm, characteristics: a.d - 0.0312 kg/m2; 2 - 84627 m/h. On the floor, 0 
there are either tiles or carpet. The tiles ere non hygroscopic, the carpet 0 
has e pronounced succion accivity, wirh: s.d - 0.3 kg/m2; 2 - 21626 m/h 
The outside wall has a temperature ratio 0.73. 0 
ATTENUATION FACTOR AND PHASE SHIFT FOR THE INSIDE VAPOUR PRESSURE 0 
before recrofirring (n - 1 h-I): 

no air inertia 
no hveroscooic inercia 
wall's-paperkd, ti lei^ 
walls textiled, tiles 
walls textiled, carpet 

afcer retrofitting (n - 0.25 h-1): 
no air inerela 
no hygroscopic inertia 
walls papered, tiles 
walls textiled, tiles 
walls textiled, carpet 

ATTENUATION FACTOR AND PHASE SHlFT FOR THE VAPOUR PRESSURE AGAINST THE 
HYGROSCOPIC SURFACES, COUPARED TO THE INSIDE VAPOUR PRESSURE 

before and afcer retrofitting (n- 1 h-I) AT 
no hygroscopic inertia 1.00 
walls papered, tiles: outside wall 1.00 

$.bh' 
0.2 

inside wall 1.00 0.2 
walls tertiled, ciles: 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. after retrof. 

no hygroscopic inertia 0 0 
walls papered, tiles outside wall 112 230 

inside wall 32 64 
walls texciled, tiles outside wall 164 298 

inside wall 50 90 
walls textiled, wall (TF-1) 98 

carpet 
124 

362 478 

INSIDE VAPOUR PRESSURE: fig.4 27 
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Souuct- Hmr 

fig. 1 . 2 7 :  Vopour produclion + wtside vopoui pressure. horrnmic functions 

oiler ihe relrofil 
t hygro~opic  ~ l & p # n  lexlile woll f inish 

hun ' "  : : : '  " ' : : '  , , h m  I 
0 2 I 6 I 18 I 2  II 11 11 20 22 

f ig L .27  : m p r  podurtbn .outside -r p a s u r e ;  hormonr funclionr 

a of fer  the relrolit 

+ hygrnr~cpic ria+ in ler l i le wall finish . corpel. 

a 
a 
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fig 1 . 2 7 :  Mpxr production r wtside wpaur pressure = harmonic tuncttons 
k f o r e  the retrofit  
-hygro~ccpc 51mlqe in textile xoll- finish. 

figure 4.27 

Gw~rot 4 : MODELLING: HYGRIC ASPECTS PAGE 4.55 



@IEA ANNa x ~ v  "CONDENSATION AND ENERGY" 

@ ~ h ~  exam~le shows that: 

- hygroscopic inercia may became important, vich significant amounts of 

l vapour sucked and released by the active surfaces; 

0.. vith high hygroscopic load, the zonal reaccion shifts more and more to a 
steady-state response, coupled to che mean values of vapour production 

l and outside vapour pressure: 

- very hygroscopic surfaces generate a not unimportant attenuation factor 

l and time shift between the surface RH (4,) and the air RH (4,). Through 

that, the use, on instantaneous basis,of the simple formula 

4.- mi. (P',/P'~) 
l with p', the inside saturation pressure and p', che saturation pressure at 

the surface turns ouc to be wrong. 

0 
04.4.3.3.3 CASE 2.3 

ALL PARAMETERS VARIABLE 

@All parameters variable means: outside temperature, inside temperature. 

ventilation rate, vapour production, number of active condensacion surfaces, 

l surface temperatures.. .varying vith time. 
0 In thermal man-steady-state conditions, it is much easier co shift from the 

vapour pressure as the dependent variable to the RH's. To soive the system of 

l 1 zonal hygric and k hygroscopic surface equations, only a FDM- approach is 
left, e.g. a mean differences solution (Cranck-Nicholson scheme). In that 

0 case,  one gets per time step a system of pseudo-linear equations.given by 

0 (written for 4 hygroscopic surfaces): 

0 

0. 
wlth (k-2.3.4): 
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n ~ t  462.TL.AC 6 

B1 - ([I- - - , [F(8.Aj)+ X(B.&)ll. p ' i o -  Qio 
2 2.v 

In these equations, all quantities, except the RH inside and ac the 

hygroscopic surfaces, arc averaged over the timc step At. Thc system has l o  bc 

salved for each time step. Candensation/ drying control is coupled to: 

Y/N condensation: p',, < > p',> 
Y/N drying : amaunc of condensace on surface j r 0 

4.4.3.4 THEORETICAL APPROACH 3 

all macerial roperties conscant (- linearisation of (4.36)). the whole wall 
hygroscopicalfy active (second order appraximacion) 

We restricr the second order approach to the harmonic solution of che hygric 

balance far chermal sceedy-stace conditions, the vapour production and che 

outside vapour pressure being periodical functions of time and no surface 

condensation/ drying going on. In thac case .  the conservation of mass equation 

on a zonal level can be written, for each harmonic, in complex form (bold - 
complex number): 

with j: the imaginary unit 
T: che perlod of the Xarmonic. 

In (4.41), 6, stands far the harmonic component with period T of the vapaur 

flov between the hygroscopic surface k and the zonal air. 

On the surface, Gsk is given by: 
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a 
a wich D*: rhe dynamic diffusion resistance of wall k for the considered 

harmonic 
ad,: the vapour admittance of wall k For che considered harmonic 

a 
Both complex wall properties follow from che sceady-scace periodic solution 

for composite flat walls, of the parcial differential equacion: 

e ~ e r g i n g  (4.41) and (4.42) and salving the resulting equacion for p, 

a gives the complex result: 
n.p. + 462.T,.GpN + 462 .T,.X(p..At/Dy)/V 

a Pi - 
n + 462.T,.'2(adk.Ak)/V + j.P.r/T 

Far a period of 1 day, che dynamic diffusion resiscance is mosrly so high. 

l rhac p./Dqk 0, reducing che equation to: 

l Pi - n.p. + 462.Ti.GdV 
(4.43) 

n + 462.Ti.X(adk.Ak)/V + j.Z.r/T 
l 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: 

Gs, - B.A*.(Pi-Pst) 
a 
a In (4.43). the divider stands for the complex artenuation faceor, amplicude: 

462.Ti 

a AT-{["+, 
.'2(adk.&.cos q.& 

2 3  462.Ti 

+ [,+- .'2(adk.Ak. sin qadi, 

l and phase shift: 
- 

n + 462.T,.Z(adk.Ak.cos qadk)/V 
q - atn [ 

2.=/T + 462.T, .Z(ad, .q, sin qadk)/V 1 
l In che equarions, che number of surfaces k is unrestricted. 

a 
a 
a 
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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): 0 - 
layer thickness p-value a-value 

an kg/m3 

wallpaper 0.028 80 43 
9 

%3'&Fper 18.0 1.5 15 5.5 70.9 0.6 
cavicy 6.0 0.3 0.008 a 
brickwork 8.5 5.5 0.6 a - 

The inside wall is composed of (from in- to the other side): 

layer thickness p-value a-value 
cm ka/m3 

a 
-. 

wallpaper 0.028 80 43 
ypsum plaster 1.5 5.5 70.9 

a 
f .  rlckwork 9.0 15 0.6 a 

ATTENUATION FACTOR AND PHASE SHIFT FOR THE INSIDE VAPOUR PRESSURE 0 - 
before retrofitting (n- 1 h-1) AT += (h) 

no air inertla 1.00 0.0 
no hygroscopic inertia 1.03 1.0 

a 
walls papered, tiles 2.32 1.2 

afrer retrofitcine In- 1 h-1) rn 
no air inerFii , 
no hygroscopic inertia 
walls ~ a ~ e r e d .  tiles 

HYGROSCOPIC MOISTURE EXCHANGES (g) 
before retrof. afcer eetrof. 

no hygroscopic inertia 
walls papered, tiles 
outside wall 

INSIDE VAPOUR PRESSURE: see fig.4.28 

a 
This example shows that the lumped parameter approach, only caking into 

account the finishing layer, underescimaces the hygroscopic attenuation and 
0 

vapour exchange buc overestimates che phase shift. a 
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 gypsm 
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0 
, 1 J 

mmur p ~ d u c ~ ~ m  . ~ u ~ e  vmur wsaure  ; h o r m r  turrlan. 
Figure 4.28 otter t i p  

0 . hyproumL I I C d w P .  d d  odpr mxl., 

plaster . . .  However, an important conclusion remains that, on a daily basis, 
l 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 

l ac~enuation than concrete blocks' have nothing to do with reality 

l Example 2 
@The same calculation as above has been redone on a yearly basis, supposing a 

constant vapour production of 120 g / h ,  a constant inside temperacure and a 

l mean outside vapour pressure of 1100 Pa, wich an oscillation amplitude of  430 

0 
Pa, maximum value end of July, 

ATTENUATION FACTOR AND PHASE SHIFT FOR THE INSIDE VAPOUR PRESSURE 

'0 
before retrofitting (n- 1 h-') AT P (h) 

0 no air inertla 1.00 0.0 
no hygroscopic inertia 1.00 1.0 
walls papered. tiles 1.04 365.3 

0 

0 
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Figure 4.29: Harmonic response on yearly basis 

afcer recroficting (n- 1 h-L) AT 
no air inertia 1.00 

m (h) 
no hygroscopic inertia 

0.0 
1.00 

walls papered, riles 
4.0 

1.15 730.0 

HYGROSCOPIC MOISTURE EXCHANGES (g) 
before retrof. after retrof. 

no hygroscopic inercia 0 0 
walls papered, tiles 
outside vall 36350 32578 

INSIDE VAPOUR PRESSURE: see fig.4.29 

The high vapour exchange shovs that on a yearly basis the vhole outside wall 

acts as hygroscopic capacity, resulting in a rime shift of some veeks in 

poorly ventilated dwellings. That fact may explain why in real vorld 

situations the late year period gives more mould and surface condensation 

problems than the springtime..:the phase shift emphasises the inside - outside 
vapour pressure differences during these autumn months. 
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0 4.4.3.5 THEORETICAL APPROACH 4 

l all material properties variable, the whole wall hygroscopically active 
(second order approximation) 

l 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 srep, an 

l iterative solution of the resulting system of non linear algebraic equations. 
l Possibilities a r e :  

l The response factor metho* [20) 

Response factors are pre-calculated values of the hygroscopic response of a 

l construction part, using Z-transfer functions, associated with an inside 

l vapour pressure excitation. However, the factors are depending on moisture 
content and temperature and have to be defined for each single scep in both. 

0 Once calculated, the advantages of using the factors are: 
- relatively easy to implement in existing programmes (they are calculated 

l in an independent module); 

l - valid for any pattern of moisture production. 

This is similar to the harmonic response, discussed under assumption 3. 

l Because of the non-linearity of the equations, a FEM- or FDM- method has to be 
.used to calculate the admittance and dynamic resistance functions. These 

depend of the excitation signal. 

0 

0 
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4.4.3.6 EXPERIMENTAL APPROACH 1 

Fraunhofer Institut fur Bauphysik, Stuttgart-Germany [lo] 
(Dio1.-Ina. H.R. Khzel) 

Calculations wich a single zone hygric model, using 2 approaches for the 

moisture sorption of furniture and walls, were compared wich measurements of 

the RH-change, induced by a vapour produceion step, in 2 rooms, one noc 

hygroscopic and one with papered gypsum board walls. 

-models 

In che first model the waisture sorption oE rurniture and walls is treaced as 

a vapour capacitance in parallel with che air storage, given by: 

wieh G : the total va our flow 
At: the area of Eygroscopic surface k, 
a,: the slope of its suction curve 
dl: ics active thickness. 

In che second model che diffusion equacion for each wall is linked to the 

zonal hygric balance in che same way a s  described in che theory above. The 

macerial properties for each wall layer may be RH- dependent. 

merimental validatip~ 

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 m3, wall area 50 mZ. the 

first with walls and ceiling covered wich aluminium places, che second with 

walls and ceiling finished with gypsum board with textured paper, both with 

plastic flooring and variable, but monitored ventilation rate, was simulated. 

Room 1 was used to adjust the ventilarion rate in che calculation scheme. With 

that r a c e ,  model 2 gave for the hygroscopic room 2 a calculated RH-course, in 

good agreement wich the measured values. 

Model 1 overestimated the inercia effects: see fig.4.30. Uich model 2, some 

example calculations were performed on a room wirh severe moisture producrion, 

shoving the damping effects, compared to no suction inertia, and =he 

actenuacion of the RH against the walls, compared to the air RH: fig.4.31. 
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Thi rwlh l  

fig L 30 : Experimental mlidotim of mlculotims 

-. Comporivln o f  the measured m d  mlculated sourre 
01 relalive humidily in a r m m  with duminium @OM 

ails I room A 1 ord m (i room with mventionol wll 

uf- -l isting 01 ingroin xoll popr  m p y ~ r u m  

bmrd  lrmrn 01. M o m  I i s  re fpr r iq  to sqration 121 
arc m o m  2 la equotim 151 

WOW : Compofi~on 01 the measured ond ollculoted a i r  thongs - 
role in  the hro r-. The salculotim is a fit l ing 

of the venl i lal im mte in order to pnrure o pmd q r e - l  

01 the m r s e  01 humidity Det-n lhe m w r e m m l  ond 

the co lwlo f im a1 the rmm balonce r i l h w l  u rp l i on  d f l ~ t r  

in room A 

figure 4 . 3 0  

0 
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Time I h l 

fig. L.31 : Cotulol ims of the maisrure k b v & r  of o bothrmm. 

A b o w  : Cmparison at the course at relative humidity of the o i r  - 
colculoled wilh the aid of  sorplion model 1 onj  swptim m d e l  2 

w: Colrse of reioliw humidity of the indmr a,r anj the m l l  
s u r f w  mlculoted wilh sorption model 2. 

Below: Plot ot the undalying bounary caditions . wpu produrlion - 
ard m l i b t i m  rote typ'ml tm 0 t d h o o m .  

figure 4 . 3 1  
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.4.4.3.7 
EXPERMENTAL APPROACH 2 

0 
Cauberg-Huygen. 'The Nctlmnlands / 11 I 
ir. J.L.C.L. Boot, ing. A.N.J. Plomp 

a ~ h e  influence of an increasing number of hygroscopic active surfaces in a room - 
on the RH-change, coupled co a step in vapaur production, was measured 

0 

oTeSt 
A" ordinary olkice raom 011 ~ i l e  3~11 Llour of a,, ollicc Luildit~g, liccmr;dsir!grl 

0 7 0 .  Rotterdam. floor surface 12 mZ and volume 35 mZ, was equipped as test 

room.  Three situations were studied: 

l - empty roam: all walls, floor and ceiling covered with plastic foil (70.35 m2) 

0- finished room: 10.3 mZ wool carpet on the floor, 4.2 I@ cotton curtains at 

the windows 

0- furnished raom: the finished raom with 1 seat, 4.5 m2 of developed 

surface, 1 chair, 2.1 rn2 of developed surface and 1 newspaper bag. 0.2 m2 

l of newspaper surface. 

0- 
heating the raom from 18 to 25 'C (n - 0.07 h-1) ;  '1 measuring the course of the RH when going from 40 to 65 Z by evaporating 

l some 600 g/h of vapour (n - 0.07 h-1, no surface condensation); 
- evaporating 280 g of vapour (n - 0.07 h no surface condensation, 

0 production flow: 600 g/h). 

l Measurine results. discussion (See fie.4.32 - fie.4.341 
These figures show the increasing suction influence from empty to furnished, 

'wirh the greatest step from empty and finished. However, also in the empty 

l situation, with plastic fail all around, we see an the 40% to 65% RH graph a 

greater hygric inertia than only the air volume. If only that was important, 

l the production time should have been 16.5' instead of 22'. proving that non 
hygroscopic layers (here some 70.35 m2 of PE-foil) in fact adsarbe water 

molecules at the surface. 

l The measurements may be translaced into marerial properties and diffusion 

surface film resistances. 

0 

0 
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figure 4 . 3 2  Empty Room 
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I 
I 

I 
J outside averoge 

2 I %;turn  oddi ion "ad 

C5 1 15 2 2 5  3 35 L L.5 5 5.5 

figure 4 . 3 3  Finished Room 

0 
C w r m  4  : MODELLING: HYGRIC ASPECTS 

PAGE 4 . 6 8  



IEA Annn XIV "CONDENSATION AND ENERGY" 

figure 4.34  Furnished Room 
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@~rom the respective RH- decreases and the vapour release by che foil. toil + 
carpet + currains and foil + carpet + currains + furniture, we get as a.d- 

@values (a- the slope of the suction curve, d- the active thickness): 

Empty room 
Finished room 
Furnished room 

.Putting these results into the lumped parameter equation for the 40% - 65% RH step 
measurements, gives as diffusion resistances 'suction surface - room' (Z): 

(rime const) (s) 2-value ( ,109) (m/s) 

Empty room 51420 (no suction, n - 0.07 h-1) 
Empty room 68027 2.24 
Finished room 122100 0.37 
Furnished room 123760 0.29 

a h i l e  rhe values. found for carpet, curtains and furniture fit rarher well 

with the diffusion resistance erpecced (1/+2/(d.N) pi - 0,039.10-9 d 

@0,11.10-9 s/m), for che PE-foil, Z is f 60 times higher than expected with the 

e t e r  vapour adsorbed at the surface and only che surface diffusion resistance 

left (Z- l/pl = 0,0386.10s m/s). At the other hand. and contrary to the 

.finished and furnished situation, the solution of the lumped equation for a.d 

far the PE-foil, looks rather insensitive to the Z- value: shifting it from 

@2.24.10g m/s to 0.036.109 m/s only changes a.d from 0.00252 to 0.0021 kg/+ but 

a s  of major influence on the next rwo steps. 

The a.d-values for the carpet+curtain and for the furniture fit well wich the 

&alues,found in the KULeuven,Laboratoriwn Bouwfyca research, described below. 

4.4.3.7 EXPERIKENTAL APPROACH 3 

Test set UD and measurements 

@1n che Fago- experiment, the vapour flow into blocks of cellular concrete, due 

to a sinusoidally varying vapour pressure in a climate room, was measured by 

@continuous weighing che blocks. The resulcs were compared wirh che 

atheoretically expected moiscure uptake/ release, calculated wich a method, 
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very close to the harmonic one described under 'Theoretical approach 3'. Hajor 

difference is that the quantities found by the harmonic solution ere turned to 

a capacitance and conductanci value, used to feed a first order model. The 

material properties, needed for the harmonic calculations - the vapour 

resistance faccor P and the hygroscopic conscane a - ,  were dccermined from a 

cup rest (86 1- 752) and a sorpcion isocherm measuremenc: 

Measurine results. discussion (See fie. 4.35) 

The figure compares the measured vith the calculated mass flovs. The 

calculations were done vith two values of the diffusion surface film 

coefficient: 3.1.10-9 s/m and 6.2.10-0 s/m. The figure shovs that the effective 

diffusion surface film coefficient lies in beeveen, but differs from test co 

test. It's influence on the mass flow is very important. Or, e becter 

knovledge of @ is necessary co come to mare accurate predictions. 

The same holds for che macerial properties. Here, a direct measuremenc of the 

vapour effusivicy, given by (a/(p.N.p'))O.s, could be an interesting choice. 

figure 4.35; Comparison of measured and estimated mass f l o w  races 
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yl . / I .  3.8 E X L ' E K I ~ N T A L  APPl<OACII 11 

SOURCE Bmx 

KU- Leuven. Labaratorium Bouwfysica 113) 

e.4.3.8.1 Introduction 

Two programmes have run: measuring the RH in an office raom with very high 

.hygroscopic capacity and measuring the lumped parameter approach time constant 

Oof paper 

m4.4.3.8.2 RH in a raom rich high hygroscopic capacicy 

@It concerns a rectangular office room, V = 45 m 3 ,  carpet on the floor, sound 

absorbing ceiling + 27 m of filled book storage. The room is used by 1 person 
@from 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 loed,a straight line . . .  

e4.4.3.8.3 The lumped parameter approach time constant of 6 types of wall paper. 

Measurine method 

@The cime constant is calculated from the hygroscopic moiscure uptake when a 

0.01 m2 sample of wallpaper, glued on a vapour tighc, nan hygroscopic EPS- 

layer is moved, under isothermal conditions and after suction equilibrium is 

@reached, from a box at RH x to a box  at^^ y. The weight increase or decrease 
is measured with an electronic precision balance, accuracy 0.01 g. 

.Figure 4.36 Hygrochermogreph reading in an office room vich high hygroscopic load 
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a 
Lumoed oararneter eauation 

With a ventilation rate 0, the hygric equilibrium in the box and at the a wallpaper surface can be written: 

BOX : SURFACE : 
As 8 ,  4 c ' h  

(D +- +-).c,- - ' h  
. c ,  + ( D  + - ) . m  - 0 

V Z ' . V  Z ' . V . a  V Z ' Z' .a 
I- - 

with A, : area of the saturated salt surface in the box 
8, : the diffusion surface film coefficient above the saturated 

salt solution 
V : the box volume 
Ah : the sample surface 
2 '  : the lumped diffusion resistance of the vall paper 
ch : the vepour concentration in the box 

the equilibrium vapour concentration of the saturated salt 
: the saturation vapour concentration in the wall paper 

m hl the mass flow to the wall paper. 
It can be proven that, if l/tl>>l/t3 and l/t2>>l/c3 - the situation in the 

tescs - the solution of the system for m simplifies co :  

m - my . (1-exp(-c/c3)) 
or ln[(m,-m)/m,] - -t/t3 
with my: the equilibrium moisture uptake in the box with RH y. 

This equation allows the calculation of the time constant from a linear regees- 

sion analysis on a semi logarithmic plot of 'logged weight increase vs time'. 

k E & & 2  

The results show that: 

- between 33% and 85% R)(, for the 6 wall papers, l/t3 is rather constant; 

- between the 6 kinds of paper, the difference in l/t,- value is limited; 

- drying goes on much slower than vetting: drying from 90% to 85% RH gives 

a 2 to 4  times higher l/t3 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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The effects of steady-state vapour diffusion chrough the envelope 
on the hygric balance 

.In non-steady-state, 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 to ventilation and 

.surface candensacion. Suppose this is not the c a s e .  The exacr: steady-state . mass balance becomes : 

n.V.p. A j n.V.p, . GP + - - h (-.(pi-pJ)] - - = 0 
462.V 1 Zj 462.V 

pe + 462.T,.Gd(n.V) + 462.T,.Z(Aj.pj/Zj)/(n.V) 
.or: p i -  

1 + 462.T,.Z(A,.p,/Z,)/(n.V) 
@with Aj: the surface of each zonal envelope part 

.As far a s  no interstitial condensation or drying cakes place, p, is che 

aucside vapour pressure far an,outside envelope part and the vapour pressure 

.in the adjacent zone far an inside part. 2, is the diffusion resistance of 

these parts. 

.If interstitial condensation or drying goes on, pj is the saturation pressure 

.in the candensatian/drying plane and Zj che diffusion resistance inside- 

candensatian/drying plane for these parts. . 
Diffusion influences may become real if: 

@ -  the ventilation of the zone is poor; 

0-  the diffusion resistances of the envelope parts are low; 

- che outside vapour pressure or the vapour pressures in the adjacent rooms 

(p,) are low. 

'Diffusion has some real influence on the zonal mass balance, only in the rare 

*cases that a very vapour open envelope is construcred. 

This means, that the loved concept of breathing wells, putting an active 

.influence of diffusion through the envelope on the zonal hygric balance as . granted, has no physical baae. . 
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Example: the Zolder case study living room. 

Suppose a vapour production of 120 g/h and a ventilation rate of 0.3 h-'. If 

we take the vapour pressure in all adjacenc rooms equal to the living room, as 

oucside wall a cavity wall, surface 36.5 mZ, diffusion resistance 4.66.106 

m/h, no incerstitial condensation, then the yearly mean vapour balance becomes 

( 0 . -  9.8 'c, p.- 1100 Pa. 8,- 20 'c): 
0 

1100(-p.) + 679(- G,-influence.) + 48.8(- diff.) 
Pi - - 1750Pa a 

1 + 4.43.10-2 

Omitting diffusion, we get pi- 1779 Pa, i.e., a difference of 1.7%. 
0 

0 
Let's think the cavity wall repieced by a timber framed construction, without 

vapour barrier nor inside paint. In that c a s e ,  interstitial condensation seems 
a 

very likely, and the diffusion resistance from inside co che condensation 

plane falls to 0.34.106 m/s. Inside vapour pressure: p, - 1524 Pa. Compared to 0 

1779 Pa for diffusion not caken into account, i.e. a difference of 16.7%. 

a 
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The influence of the lacent heat of evaporation 

.During condensation- evaporation latent heat of evaporation is released or 

caken up. Through thac, as soon as hygroscopic moisture content changes, 

s u r f a c e  condensation or surface drying starts,che 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 hear 

l o s s e s ,  the moisture flows . . .  etc. 

Example 

T o  emphaaise the importance, let's compare winter condensation on single and 

double glazing vith and vithout taking into account the latent heat reality 

(8,= O'C, pa- 550 Pa/ Ei- ~o'c, p,- 1500 Pa): . SINGLE GLAZING DOUBLE GLAZING 

no lacent heat effects: 
e,, ( C) 5.1 12.4 
cond. flow (g/(rn%)) 52.1 5.5 
heat flow (W/mZ) 119.5 60.8 

latent Pear effects: 
8,, ( c) 6.7 (+31.4%) 12.6 (+ 1.6%) 
cond. flow (g/(mZh)) 43.4 (-16.7%) 3.7 (-32.7%) 
heat flow (W/mz) 139.7 (+16.9%) 61.5 (+ 1.2%) 

 he conclusion is char the effect is not unimportant and should be 

incorporated in an overall Heat-Air-Moisture (HAM) approach. 

. 
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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 HAH- models is obvious: rhe hygrothermal behaviour of 

buildings is in fact the result of a complex interaction between the heat 

balance, the air balance and the maiscure balance. A computer model can be a 

powerful tad to achieve a better understanding of these complicated combined 

processes,  i.e. leading to moisture problems and mould growth in buildings. On 

rhe other hand: a chorough knowledge of buildings physics is needed to creace 

these computer models. 

The main objective of this chapter is to discuss the capabilities of combined 

HAM models. The specific objectives are: 

- to discuss the need for combined Heat, air and moisture (HAM) madelling 

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 iri order to recognize the 

different levels of detail in modelling 

to describe (briefly) the HAM transfer mechanisms to be modelled 

to present the 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 

W COHBINED HAW UODELLING ? 

e5.2.1 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 

e considered in them. Existing building computer models range from simplified 
calculations ro extensive main frame simulation programmes. Most building 

simulation models address a specific application area of the building physics 

field. Examples are: 

l - prediction of indoor climate in association with heating and cooling 

l loads 
- prediction' of solar gains through windows and other passive solar 

l components 

- air infiltration phenomena 

l - daylighting and artificial lighting 

e- HVAC system behsviour in relation to other building components 
- air flow patterns and ventilation efficiency 

l 
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. 

l 
l 
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5 . 2 . 2  HAM interactions 

u i r e c t  interactions and direct interact- can be distinguished. 

Indirect interactions occur because the Heat. Air and Moisture balances in a 

building are interrelated. For example a change in the ventilation race will 

not only affect the indoor air humidity but also the heating demand. 

Direcr interactions occur when a cransfer mechanism of one of the three 

components in HAE1 depends on the other. There are several phenomena 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 one of che driving forces for che 

air movement; 

- temperature differences between different zones will cause buoyancy 

effects leading co interzonal exchange of heat, air and water vepour; 

- material properties are not constant but depend on temperature and 

moisture contenr; 

- in addition to the suction gradient, the temperature gradient in a solid 

structure can be a driving potential for moisture transport. 

HAM modcls can bc combined in differenc ways and wirh diffcrcnt lcvcln ot 

complexity, depending on the purpose and the rype of problem. 

5 . 2 . 3  Combined HAM models and the Annex XIV task 

During the Annex XIV study it became clear that several W- phenomena can 

lead to moisrure problems in buildings. With respect to moisture behaviour 

four different rype of problems can be distinguished: 

A. Heat. Air and Moisture transport through building structures: 

8. Interaction indoor climate - building structures, in particular vich 

respect to che thermal and hygric inertia; 

C. Air infiltration and interzonal air transport phenomena and, in 

particular, the accompanying airborne moisture transport; 

D. Air movement and air flov 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 to have this in mind, when considering HAM- modelling. 

Therefore, t o  facilitate further discussions, a general classification is 

introduced. a 
5 . 2 . 4 .  A general HAU model classification 

Based an the four icems mentioned and with the Annex objectives in mind, we 

are able to introduce four model categories. They are visualized in che 

diagram of figure 5.1. For each category, the general purpose and the Annex 
a 

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 a 
the air mass can be represented by a single parameter for each zone in 

the HAM- balances. In contrast to this, the model category D uses a grid 
0 

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 a 
expected however that stand alone air infiltration programmes will still 

find many application areas. It is therefore convenient to consider these 
0 

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 a 
the heat balance in category B. A full air infiltration model uses a set 

af non-linear equations to model the combined thermal stack and wind 
4 

pressure effects. 4 
One should realize the large difference in detail between C and D 

category. Category C programmes run on small PC-type computers, category 4 
D requires a computer with a large computing power and qualified 

operapxs. 
4 

4 
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MODEL CATEGORIES GENERAL PURPOSE ANNEX XIV SPECIFIC 
PURPOSES 

CATEGORY A: to predict, 1. to predict 
evaluate or a m -  surface condensation 

BUILDING lyze the hygro- an building structures 
STRUCTURE thermal performance 2. co calculate 
MODELS of building moisture content of 

structures surface layers 

CATEGORY B: 

BUILDING ro predict indoor 1, to predict indoor 
(ENERGY) climate in humidity (regarding 
SIMULATION association with thermal and hygric 
MODELS heatin6 and inertia) 

cooling loads 2. ro calculate surface 
temperatures 

AIR INFILTRATION/ to predicc air 1. to calculate 
VENTILATION exchange rates ventilation rates 
MODELS and inrerzonal 2. to predicc 

air transport interzonal airborne 
moisture transport 

GATEGORY D: 

AIR FLOW to predict or 1. to predict ar 
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 :  G e t e r n 1  HAM rnodei classification 

0 
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5.2.5 Potential users of HAM models 

The potential users of HAM models are practitioners and researchers 

It is imporcant to realize thkt che model requirements might be quite 

different for both groups. The practitioner is directly involved in the 

building process. His knowledge can be important during the different stages: 

design, const~uction and operation & maintenance For those, there is a need 
a 

for tools to understand the building physics phenomena he has to handle. In 

general, such tools should be very simple but accurate enough to make correct 

and quick decisions. In relation to the 3 stages mentioned, the following 

categories of tools can be identified: design tools, evaluation tools and 

diagnostic tools. Mare 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 coals to predict the effectiveness of 
a 

proposed solutions 

In cancrast to =he practitioner, the researcher needs a higher level of 

complexity to study the HAY phenomena in more detail. In general much more 

time and costs are allowed to define the problem and to do the computations. 

Camplex models can be of great help to develop simplified tools for the 

practitioners. Other purposes for researchers to employ complex W- models 

are: 

- the establishment of standards and rules for building codes; 

- ta achieve e better general underscanding of HAn- phenomena; 

- r o  perform p.lramrrcl- st~~Iics: 

- to generate guidelines with resp.ct to quality control in building and 

HVAC design; 

- research studies in connection with new building concepts (e.g. 

innovative materials, structures, insrallations, etc.). 
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e.3.1 HAM model categories 

at has been noted already that HAM models could he used Eor quite different 

urposes. The various application areas are so different that the development 

@f a single, general purpose. HAM simulation model would lead to a very 

complex thing, that could require an enormous amount of effort. On the other 
hand, existing building models might be quite capable of solving HAM problems. 

@ i n  same cases, only modifications might be needed to match the requirements 

for a specific HAM problem. The essential features of the model categories of 

' 5 . 2 . 4  a r e :  

BUILDING STRUCTURE HAM MODELS. 

The general purpose of these models is to evaluate the thermo-hygric 

performance of the building envelope. Many models are devaced to typical 

elements such a s  windows, roofs, caviry walls, ground floor constructions 

etc. In general, envelope part models could be employed for purposes like 

the prediction of incerstitial 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 heacing and cooling loads. To achieve this, the thermal 

characteristics of the building elements are calculated and a term for 

the air exchange component in the heat balance is included on the level 

of each zone. Mast models are based on hourly calculations and take into 

account most aspects that influence =he heat belance, like solar 

radiation. internal heat sources, occupant behaviour, etc. In engineering 

practice, building simulation models are used far 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 next paragraphs. 

- 
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c. vENTIuTIoN / AIR INFILTRATION MODELS. a 

The main purpose aE this cacegary is to predict ventilation rates and air 

transport becveen 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 
a 

for openings. These equations describe the relation becween air flow race 

through an opening and the pressure difference over the opening. Wind 

pressure effects and temperature induced 'scack effects" are taken into 

account. The use of air infiltrarion vith respect to moisrure problems is 

discussed in more detail in 5.4.3. 
a 

D. AIR FLOW MODELS 

The models in this category are capable of calculating the air Elow 

pattern within a building zone. Such models are based on the numerical 

solution of the flow equations for two or three-dimensional turbulent. a 
buoyanc flovs, taking into account the heat exchange vith the surrounding 

valls. Sophisticated software and a large computing power is needed to 
a 

solve the equations. The capabilities of such a computer programme are a 
shown in one of the next paragraphs. 

a 
5.3.2 Levels of detail 

Building models can be classified into a \,cry vide range of levels of 

camplexity. An overview is achieved by considering the following aspects: (I 
- modelling the oucdoor environment: 

- distributed or lumped modelling of hear and mass transfer; 
(I 

- splic or combined surface coefficients; (I 
- 1-D, 2-D or 3-D modelling; 

- single zone or multi-zone modelling; (I 
- steady-state, transient (dynamic) or quasi-transient modelling (or in (I 

other words: modelling of heat and moisture storage); 

che heat and moisture transfer mechanisms; 

modelling the air exchange or air transport; 

modelling the HVAC sysrem and the interaction with the building: 

modelling HVAC control systems: 

simulation af occupant behaviour; 

the numerical schemes used co solve rhe HAM equations. 
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05.3.2.1 nodelling the auLdoor environment 

.The outdoor environment 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 mighc be 

.needed. Details of terrain and surrounding buildings might be necessary for 

.certain models, for example to compute the solar load or to estimate wind 

pressure coefficienrs. . 
05.3.2.2 Distributed versus lumped equations 

.Spatially distributed or lumped equations are used to define the HAM- cransfer 

characteristics in solid structures and air. In a distributed calculation, the 

.solid or air domains are discretired into small elements. In a lumped 

calculation che physical properties are represented by a single parameter or 

'field variable.In most HAM models both concepts will be used simultaneously. 

.For example, in a model for thermal bridge calculations, distributed equations 

are used for heat transfer by conduction, where indoor and outdoor air 

.temperatures are represented as lwnped variables. Uany other combinations 

mighc be possible. For example one could combine distributed heat cransfer 

.calculations wich lumped moisture transfer calculations. 

.It is clear Chat distributed modelling' requires more sophisricared sofcware 

compared to lumped modelling. On che other hand che necessary input data for 

.lumped model parameters might not always be available. Simulations using 

distributed modelling can be helpfull to find these missing data. . 
05.3.2.3 Split or combined surface coefficients 

0 ~ e . a ~  transfer by convection and radiation at well surfaces can be modelled in 

different ways with different levels of detail. The simpleit way is ro use a 

.fixed and combined surface heat transfer coefficient. This is generally done 

.in Category A models, where lumped equations for convective end radiative hear: 

transfer are acceptable. Building simulation models in general have the 

.ability to use split surface coefficienrs, which can be done in differenc . 
C w r m  5 : HODELLING: GOnBINED HEAT AIR AND UOISTURE TRANSPORT PAGE 5.10 
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a. Fixed convective and fixed radiative coefficients 

b. fixed convective coefficients and computation of the radiation balance 

(e.g, by using view factors end exchange factors) 

c. a s  b. but using temperature dependent formulae for the convective 

coefficient 
a 

d. both convective and radiative cransfer are computed (this option requires 

an Air Flow Model) 

Options a , ,  b. and c .  are videly accepted in building modelling work. Option 

c .  is a sophisticated one, subject of scudy in IEA Annex XX "Air Flov 

Patterns". Surface coefficients are of crucial importance for mould and 
a 

surface condensacion computation (see  chapter 3, Modelling: thermal aspects). 

With respect to the diffusion surface film coefficienr the situation is less 

complex. There is only one transfer mechanism: convection. 

a 
5.3.2.4 1-D, 2-D or 3-D modelling 

Distributed equarions can be defined for one- cvo or three-dimensional HAM 

cransfer phenomena. For envelope calculations (Category A) there is a need far 

2-D and 3-D models (e.g. chermal bridges). Building simulation models 

(Category B) in general use 1-D equations to represent building elements. Air 
a 

flov calculations require at leest 2-0 equations, but 3-0 is desirable. a 
5.3.2.5 Single zone or multi-zone 

Multi-zone models perform the same calculations for two or more building zones 
a 

simultaneously. Multi-zone calculations are of interest far che study of HAM- 

interaction between zones. This is relevant for the B and C model categories. 

Tvo kind of multi-zone problems are of importance far Annex XIV: the influence 

of heated zones on unheated ones (bedrooms) to evaluate temperature levels in 

the unheated parrr with regard to condensation risks and the problem of 
a 

airborne moisture transport from one zone to another. a 
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05.3.2.6 Steady-state. rransicnt or quasi-transient modelling 

@In a steady-state calculation all model variables are culwider~wl Cu bu 

constant in time. This implies that heat and moisrure storage are neglected. 

 OF^ many purposes the use of steady-state is satisfactory. 
Transient (or dynamic) models are much more complex. Time-dependent equarions 

'have to be solved and, in addition, one has to handle much more input and 

@ourput data. The modelling of hear storage is straighrfarward and well-known. 

However, modelling moisture storage is very complex, in particular in 

'combination with heat transfer. Simplified models are needed for different 

levels of detail: s e e  chapter 4.hygric aspects. 

'An alternative way to consider storage is the use of quasi-transient 

.modelling. The outpur of a transient model is then used as an input variable 

far a steady-state model. An example is given in 5.5.2.1, where the simplified 

'crawl space is described. From a Annex XIV vievpoinr, transient models are 

important because effects of thermal and hygric inertia play an essential role 

'in moisture phenomena. ' 
HAU- transport mechanisms 

The fundamental heat transport mechanisms are well understood and the 

'mathematical equations straighrfarward. Far the heat balance in a building 

.specific aspects should be considered: 

- radiative heat exchange with outdoor environment; 

0- solar radiation on exterior surfaces; 
- solar radiation through windows; '- internal heat sources (people,lighting.apparatus); 

0- heating and cooling by HVAC systems; 
- heat storage in building structures. 

. S e e  also chapter 3, modelling: thermal aspects 

'Hoisture transport is much more complex. It occurs bath in the air and in 

.solids. In the air domain moisture exists as vapour, and the transport 

mechanisms are: vapour diffusion and air movement. In solids moisture 

&-ansport occurs in all three phases. It can be attributed to at least nine 

different mechanisms, as shown by Keresteciaglu[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 airborne moisture rransport 

(driving potential: air pressure gradient) 

Other important moiscure aspects in combined HAM modelling are: convective 
a 

vapour transfer at surfaces, condensation-evaporation, hygroscopic moisture 

storage, moisture sources, control of humidification-dehumidification in HVAC 

systems. For more information, see chapter 4, modelling: hygric aspects. a 
a 

5.3.2.8 Combined HAM modelling and HVAC systems a 
Heating, ventilation and air handling systems can supply or excract Heat. Air 

and Moisture to or from building zones. In mild climates, heating only is most 

common, s o ,  modelling HVAC interactions is less relevant. In hot and humid 

climates, however, humidification and dehumidification are used to control che 
a 

indoor climate. This is the reason chac much work on combined HAEl modelling 

has been done in che USA ( 9 1 .  Combined modelling is also considered within IEA 

Annex XVII 1 2 1 .  
a 
a 

5.3.2.9 HVAC control a 
HVAC control modelling becomes relevant if temperature or humidity control is 

the cricical process with respect co mould and condensacion phenomena ( 6 1 .  a 
a 

5.3.2.10 Occupant behaviour a 
Simplified models concerning the simulation of occupant behaviour are 

discussed in che chapcer on "Boundary conditions". a 
a 
a 
a 
a 
a 
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5.4 STATE OF THE ART OF GOUBlNED UODELLING 

Examples of general purpose models. 

Here, some examples of HAM computer models from different categories and vith 

*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 vork from 

the Netherlands. This gives a representative overview, because most of 

development work has been done within che framework of international research 

programmes. Special efforrs were made ro collect additional information from 

Annex XIV participants. For each of the model categories A - D, an example is 

given and the capabilities with respect to combined HAM modelling o r  moisture 

phenomena highlighred. 

5.4.1.1 A chermal conduction model vith HAU extension 

The principles of heat conduction are reported in the chapter 3. Uany computer 

programmes governing these principles have been developed and several are 

available on a commercial basis. Belov a description is given for the model 

TH3DR. in which some combined HA3 features have been implemented. 

The TH3DR programme is an excended version of the chermal model TH3D. which 

was originally developed [ 3 3 ]  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 belonas to category A, envelope 

models. The extended version TH3DR 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 internai 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 

humidity of the air are considered to be uniform. A subroutine is added to 

calculate its Heat, Air and Uaisture balance. 

The heat balance includes: 

- 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 condensacion or evaporatior, ac the surface elements. 
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The moisture balance includes; 

- moisture production; 
- condensation or evaporation; 
- maiscure removal by vencilarion: 

To solve the combined HAM equations an iterative procedure of two nested 

iteration sceps is fallowed. In the first step the temperatures in the solid 

domain are carnpuced. This yields estimated surface temperatures, used in the 

second scep to salve the heat and moisture balance for the internal space. 

From these equations the air temperature and humidity are computed. The hear 

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. 

5.4.1.2 Applicarion example of the TH3DR model 

The model has been used to srudy the dynamic hygrochermal behaviour of 

different types of crawl spaces [33], with che aim to compare the energy and 

moisture performance. Several technical apcions were considered. like: 

- floor insulation; 

- insulation of the foundation elements; 

- insulation on the crawl space botcom; 

- different types of vapour retarders on the crawl space batmm; 

- crawl space ventilarian. 

Evaluated were: the air humidicy in the crawl space. che heat loss rhrough the 

floor and the thermal bridge effect near to the facade. The study resulted in 

the development of a simplified crawl space model, described in 5.5.2.1. 

TH3DR can be used for other Annex XIV related purposes, far example: combined 

(dynamic if desired) calculations of indoor climate and chermal bridge 

interactions or chermal bridge calculations using splir (radiative-convective) 

surface coefficients 
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figure 5.2: combined heat and air transport calculations, using a two zone 

a model in VA 114. 

5.4.2 Building simulation models (category B) 

Numerous building simulation models have been developed, widely used 

programmes are: ESP, Suncode. BFEP and VA114. ESP is an energy simulation 

programme developed ac the University of Strathclyde 1181, running on 

mainframes or workstations. It is accepted as a reference tool within the EC 

passive solar research project. ESP was also 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 [Ill. VA114 

is developed in the Netherlands by TPD-TNO and VABI [3'Z].  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. 

a 
5.4.2.1 Application areas for HAM simulation models 

a 
HAM building simulation 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: 

0 " '  

The study of the influence of heated zones on the temperature in unheated 

zones (bedrooms), wich regard co condensation risks. This requires a 

multi-zone model. 

0 
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The study of airborne moisture transport from one zone to anocher in 

combination wich heat cransport The problem is achemacically illuscraced 

in figure 5 . 2 .  A combined simulation model is required, including air 

infiltration. The programmes VA114 and ESP have this capability. 

The cornpututation of wall surface temperacures (not on cherrnal bridges) 

in dynamic conditions, related to che indoor climate (indoor humidity and 

cemperature). Tllis requires a model w i i t l  spli~ (radiative ilud corlvecci.vc) 

surface film coefficients. The simulation should compute radiative heat 

exchange becween wall surfaces. This is especially important to judge the 

influence of cold surfaces (like windows). 

The study of options in HVAC design with respecc to humidity concral in 

relation with aspects mentioned at c. This requires a simulation model 

that handles HVAC modelling. 

The study of the effect of hygroscopic moisture storage in wall surfaces 

and furniture. This requires a model that considers moisture scorage. 

Various principles are described in the chapter 4 an moisture modelling. 

% Air infiltration models (category C)  

IEA  ANN^ XI" "CONDENSATION AND ENERGY" SOURCE Bmx 

i . ;  

A number of computer models have been developed to calculate air flow rates in 

buildings. An overview is given by the AIVC [13]. Mast of these models are 

based an a nodal network, in which the nodes represent discrete volumes of air 

a= 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 rransport is a pressure difference, 

evoked by: mechanical ventilation, wind or/ and temperature differences 

(buoyancy or stack effect). 

Ta use an air infiltration model the following inpuL 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. 

C m ~ r w  5 : MODELLING: COMBINED HEAT AIR AND MOISTURE TRANSPORT PAGE 5.17 



0 

0 
0 I E A  ANN= xrv "CONDENSATION AND ENERGY" 

GEVEL : 

5 0 / 5 0  

59/59 

59/50 

50/50 

@ / I 0  

I Wonho met een dirhte doer 

Dptredende luchtstromen in m /h zoals bwekend met een computer 

Lhks een woning met e m  dichte vloer. rechts em /&he doer 

air infiltration calculations applied co che crawl space 
moisture infilcration problem 

0 
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5.4.3.1 E-ple: moisture infiltration from crawl spaces. 0 
The infiltration of moist air from crawl spaces to the indoor environment is 

an important cause of moisture problems in Dutch dvellings. A scudy 1221 has 

been carried out using an air inEiltration model. To reduce the number of 

parameters a two-zone model was  used a s  outlined in figure 5.3. This figure 

also shows some results. Imporcant conclusions were: 

- at normal conditions the moisture load is proportional to the ratio of 

the airtightness of che ground floor construction to the airtightness of 

the building envelope (briefly denoted as the "air leakage ratio") 

- az  certain conditions (for example: no wind and nacural ventilation only) 

the zhermel stack effect dominates and, as a result of chis, 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 hwnidity in Dutch crawl spaces is very high because of the 

presence of ground water: an excess vater vapour concentration of 6 g/m3 with 

respect to che outdoor air is quite normal during vinter conditions. Even 

small air leakages in the ground floor may chen result in moiscure loads of 

che order of 1 to 3 kg vater 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 

flov rates through the air leakages in the zone boundaries. It will be shown 

that it takes a simple step to compute the steady-stace interzonal moisture 

ttansport rates, as long as no condensation takes place. The basic principle 

of chis computation is given for a cvo-zone example as illustraced in figure 

5.4. All incoming air flows should be known. The vencilacion model gives the 

total incoming air flov rate for each zone boundary. Care should be taken not 

Lo add the incoming and outgoing flows. For the simplified case of figure 5.4, 

the water vapour mass balance for zone i can be vricten a s :  

G...x,+G,.x, +G,- (G..+G,).x, (5.1) 

with x. : air humiditv ratio in zone e (outdoor) ( e k e )  . .-. -. 
x i  : air humiditjr ratio in zone i (g/kg) 
x, : air humidity ratio in zone k (g/kg) 
G :  incoming air flov rate from zone e to zone i (kg/s) 
6,: incoming air flow rate from zone k co zone i ike/s) . 
6,: moistur8 production in zone i (g/s) 
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. . Figure 5.4 
The moiscure balance between two zones 

The campuration of xi is now straightforward: 

x, - (G,..x. + G,r.xk)/(G,.+G,r) + Gd(G..+G,*) 

This equation expresses the moisture load from zone k to zone i as a result of 

interzonal air borne moisture transport. IK should be clear chat more general 

equations can be used if air transport beween more zones is considered. The 

conclusion is that, as long as surface condensation/ drying and hygroscopic 

inertia is not considered, it is a simple step to compute the (steady-state) . . interzonal mcisture transport. . 
Combined air infiltration and thermal modelling 

An air infiltration model requires zone and outdoor cemperacures as input 

data. For multi zone computations, fixed zone temperacures are then used as 

boundary conditions. Effects due to intersccion with interzonal heat cransport 

are nor: modelled. However, advanced building simulation programmes are able to 

combine a full thermal model with a complete air infilcrstion model (Note: . that includes ac least rhermal scack and wind pressure effects):ESP and VAl14. 
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Figure 5.5 Compuring flov diagram of WISH-3D Air Flow Simulation model 

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 chat in the near future the field of "computational physics" 

vill allov researchers and designers to bypass time-consuming and expensive 

full scale tests. Flow simulation programmes are available on a commercial 

basis. PHOENIX and FLUENT are vell-known packages. Cooperation betveen che 

Technical University of Delft and TPD-TNO resulted in the WISH-3D air flow 

simulation package (301. 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 becveen vell surface elements. The flov 

diagram in figure 5.5 shavs hov 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 indoor 

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 poverr 

(WISH-3D runs on a Alliant system) and skilled researchers. 
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@ F i g u r e  5.6 3D air flow pattern, calculated with WISH- 3D 

0 
CwPrm 5 : MODELLING: COMBINED HEAT AIR AND MOISTURE TRANSPORT 

0 
PAGE 5.22 



IEA ANNEX XIY "CONDENSATION AND ENERGY" SOURCE Bmx 

5.4.4.1 Application areas of Air Flow Simulations 

General application areas for air flow simulation models are: 

- smoke transport in buildings 
- fire behaviour in building zones 

- airborne contaminant transport in clean rooms 

- air flow patterns in an atrium with regard to comfort 

- displacement ventilation 

Development and validacian work is done in IEA Annex XX "Air flow patterns" 

131. An example of results, relevant for the Annex XIV work, is given in 

figure 5.6. Ic 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 cuo opposice vent lights. a 

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 roam geometry; 

b. the prediction of the water vapour distribution resulting from the 

airborne moisture spreeding in a single zone: 
a 
e' 

"Ventilation efficiency" is che key term here. Background and definitions of  

this term are found in an AIVC publication [12). Much work has already been 

done in che field of i l ldoor air quality ( I A Q ) ,  where i r l v c s l i g n 1 : u r s  2,-r 

concerned vith the coutrol and dispersion of contaminants in air. Comparison 

of numerical simulations and experiments have been reported by 171. It should l 
be poinccd out here rlwt the ultimate goal of oic flow simulntions is nor to 

calculate reality with all its details. The programmes should be used to 

evaluate different options under well defined boundary conditions. " a  
comparison can be made vith the calculations of thermal bridges. These 

computations do not fully simulate the real behaviour of thermal bridges, but 

are made for vell defined boundary conditions. 

el  
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a.4.5 Special purpose and simplified modelling 

a.4.5.1 Special purpose models 

the literature several special purpose HAM models have been described. The 

4 coLurc o l  i;uci> ;i li~odcl. i s  111;11 i L  l ' i l ! ;  i.L:; l ~ ~ ~ ~ ~ l  v l  d c , l : # i l  ro :I . z p ? c i r i c  

rablem. This gives less complex calculation compared to solving che problem 

a i t h  a general purpose model. Examples of special purpose models are the crawl 

space model ( s e e  5.5.2.1) and a swimming pool HAM model 161.  

a 
a.4.5.2 Simplified modelling 

@here are several strategies in developing simplified models: 

- simplified models based on simplified physical assumptions; 

l simplified models based on experimenral observations in the field 

(empirical models): 

simplified models based on mathematical reduction of complex models 

(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 

ristributed to lumped modelling, fromtransient to steady-state modelling. 

from multi zone to single zone, etc. 

a 
e.4.5.3 Simplified crawl space model 

#sing simulation results of the extended model TH3DR (introduced in 5.4.L.1) 

the simplified spreadsheet crawl space model kruip.wks [old.1990) has been 

&"eloped. The purpose of this simplified model is to evaluate different types 

of measures for che solution of crawl space maiscure problems. It allows che 

evaluation of remedial measures like crawl space vencilatian, thermal 

ansularion, vapour retarders on the crawl space bottom and combinations of 

these. Simplified equations have been used far che Hear, Air and Moisture 

@dances. The simplified model is implemented as a utility on Lotus 123. 

Comparison between the detailed model (TH3DR) and the simplified model is a 
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outlined in figure 5.7. One of the crirical aspects is the modelling ot the 

hear loss co the ground. In the complex model. che ground is divided inco a 

large number of cells for which monthly temperatures and heat flows are 

compuced, taking into accounc che large thermal inercia of the ground. In the 

simple model the monthly heat flow through the bottom surface is compuced by 
a 

the equations: 

q(t) - [h,(t)- @,,(t)I/ R., 

- 8 "  + . [8,,,- B.(t- t')l 
a 

with q : averaged heat flux to che groynd (W/mZ) 
: crawl space air temperacure ( C) 

8,, : equivelenc round cemperarure ( C) 
: equivalent feet resistance of theo round (mZ.K/W) 
: annual mean outdoor temperature ( t )  

8. : monthly mean outdoor temperacure ( C) 
a : darnpin6 faccor 
t : time (m months) 
t' : time phase shifc due co chermal inertia of the ground 

In che simplified model cha parameters R a, and t' are assumed to be 
0 

constant. The values are estimated from the resulcs of the detailed model 

Figure 5 . 7  Comparison of a complex and a simplified thermal model for H M  
calculations on crawl spaces 
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0 5 . 5  CONCEPTS FOR UOISTURE STORAGE UODEUING 

eodeliing chc cffecr of hygroscopic rnoiaLure scarage in Lltrniture and h8 i ld in l :  

materials is one of the missing feetures in the HAM models described in the 

arevious paragraphs. Case studies and field experiments, some of them reported 

in chapter 4, have shovn the importanc influence on the indoor humidity. 

@Modelling of moiscure storage is much more complex chen heat scorage. There 

e r e  several reasons to be mentioned: the nan-linear behaviour of hygroscopic 

storage. input data far material properties not always available, thc 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 far the "capacity nodes". These values are unknown and depend 

on the input daca. In building simulation vork this problem is overcome by 

.starting each simulation vich "dummy" calculaciona during a time period that 
exceeds at least three times the time constanc of the building. This principle 

.is based on the assumption that all "capacity nodes" take the proper initial 

.values after the starc-up simulation. A building simulation requires about 14 

days start-up procedure co  achieve a thermal equilibrium. A simulation model 

*in which valls are represented by a complete moisture storage model vould 

require much longer start-up period. Computation time could be reduced by 

etaking larger time steps and by rime averaged (e.g. daily averages) indoor and 

.outdoor climace data. 

Another consideration should be that the indoor air humidity on the short term 

.(say 24 hours) is influenced only by the moisture stared in a very thin wall 

surface layer. Moisture stored in the inner vall and furniture is only of 

.importance for long cerm effeccs. Consequently, a simplified moisture scorage 

o d e 1  as described in chapter 4, representing che hygroscopic absorption and 

desorption in the surface layer is quite acceptable for most HAM simulation 

.problems. 

. 
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3.6 UOUU. AND lNllU'r DATA IUIJJlWEN'l'S 0 

5.6.1 Introduction. 

A successful introduction of computer models depends greatly on the amount of 

effort to make them available to others chan the original author. An 

appropriate model documentation should meet che following requirements: 

- A users manual (instructions, description of input and output daca, test 

examples): 

- A programme description (programme structure. databases if any, numerical 

solucion methods) ; 

- A model descriprian (equations used, defaults, assumptions, limications, 

standards used, reference to research reports); 

5.6.2 Data requirements 

The accuracy and reliability of resulcs from HAM computations are dictated by 

che quality o f ,  input data. Ueny complex models give very derailed and 

apparently accurate output data, but the proper interpretation very often 

relics on tile availability of i.cliub1.s inpul: data. Combined llAH (models require 

different types of daca in association with the heat, moisture or air 

transport component. Input data can be classified into the following 

categories: 

- Climatic data; 

- Building design daca and terrain conditions: 

- Thermal properties of building materials; 

- Hygric properties of building materials; 

- Air leakage data of building components; 

- Wind pressure coefficients; 

- HVAC system design data; 
- Occupancy profiles; 

- Internal sources. 

Many computer programmes are provided with databases. In many cases the data 

rely on common sources of literature or reports ( s e e  chapter 1 and chapter 6). 

Data on wind pressure coefficients and air leakage are documented by the AIVC 

1151. 
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Y . 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: 

0 

2ampEase the p r o b e  is to predict the relative humidity in a building to 

l analyze options for a proper hygrothermal design. For this purpose lumped 

and time averaged equations might be quite useful. For many purposes an 

l analysis on monthly basis would provide the desired information. Even 

simple hand calculations can be done. 
0 

.Erample 2: 
Suppose the problem is to predict the ventilation effectiveness gf a 

l ventilation exhaust desien in conjunction with room geomccry and 

hygroscopic storage properties af wall surface materials. This problem 

l would require a 3-D air flow simulation programme that also handles 

l surface moisture and indoor air interactions. Simulation of this problem 

would require a super computer and many man hours of labour. 

0 

Y.7 
CASE S m I E S  AND FIELD FXPERIMENTS 

05.7.1 The model versus the real world 

*he 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 

ynodels. Model development 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 occur in reality and they provide an idea about the most 

l relevant phenomena; 

0- full scale field experiments are done to study these phenomena in more 
detail: 

on a smaller scale laboratory experiments might provide more information 

0 
under well-controlled conditions. 

0 
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The statements above refer to the domain of building physics. With respect to 

LI,<. n n,, ex x l v  ol, iccLi"<.?;,  ci,r ? ; i ,u ; l c i " , ,  i :  t,,,,cl, ,,I,,,-<. " i  i : : 1  : : , s  01. 

the biological aspects of mould growth. The HAM models discussed in chis 

, chapter consider only relative humidity levels and moisture contents. They do 

not predict mould germination, growth and sporulation. 
0 

0 
5.7.2 Feedback from practice to modelling 0 
Annex XIV considers mould growth in buildings. HAM models probably can be 0 
helpfull to understand and salve 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 and 

field experimenrs, in which specific phenomena are investigated experimentally 

in realistic circumstances (but not necessarily in a problem building). 

5.7.3 Case studies 

There are cwo different aspeccs of the relation becween case scudies 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 calcularions for che remedial measures, he 

will propose. Models may also be helpful for interpretation of m e a k d  

data. 

Aspect 2: 

From the viewpoinr of the modelling the results of a case study are of 

interest for the further development of his model. He might also adapt 

his model in order to have a betrer connection to practical problems. 

Case studies also may provide useful statistical information for 

modelling purposes, in particular with respect to aspects related to 

occupant behaviour. An example is given in figure 5.8, extracted from the 

Pijnecker case study [ 5 ] .  It clearly shows the large difference between 

moisture levels in bedrooms and living rooms. 
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C l i m a t e  c l a r s i f i c a c i o n  (dutch c l i ~ a r e  clnsres): bedroom 2 

(+) ,  l a n d i n g  - l o f r  ( 0 )  and barhroom l a )  . , 

F i g u r e  5 . 8  Indoor r e l a t i v e  humidity l e v e l s ,  observed i n  the  Pi jnacker case s tudy  

@A number of case studies are summarised in Volume 4 of this Annex XIV final 

r e p o r t .  Conclusions relevant for HAM modelling: 

- An appropriate evaluation of the indoor climate (both for design as for 

l diagnostic purposes) requires a standard reference for indoor climate 

that refers at least to the indoor temperature, the indoor humidity and 

l the thermal quality of the building envelope. 

l - For the proper analysis of the indoor climate an insight in hygroscopic 

storage is needed. Apparently, there is need for HAM models, 

l incorporating that aspect. 

a 
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5.7.4. Field experiments 

Within the framevork of the Dut~h participation in the IEA Annex XIV 

"Condensation' field experiments have been carried out LO study airborne 

moisture transport in realistic circumstances. The experiments vere done in an 

unoccupied 3-story dwelling in Leidschendam. Three institutes (MT-TNO. TPD-TNO 

and IBBC-TNO) cooperated in this study. The results have been reported in 

detail in a report [Old,23]. 

An unoccupied house was chosen to eliminate the disturbing influences of the 

occupants. To study the airborne moisture transport several expqriments 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 (shover periods of 3 to 15 

minuces) : 
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 movemenc within a single zone 

The experiments vere done far various conditions in order to study the effect 

of the major influencing factors, like open or closed windows, open or closed 

interior doors and the use of the ventilation system. Sophisticated equipmenc 

was installed to collect che experimental data: 

- a constant concentration gas tracer (N20) cechnique,to monitor 

air infiltration of ell roams; 

- a constant generation gas tracer (SF6) technique, co monitor the air 

transport from the moisture source to the room air and to the other 

zones; 

- a dew-point sensor system to monitor vater vapour concentration in all 

rooms. 

- a micro manometer measurement system to monitor air pressure differences 

at the mosc relevanr locations. 
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A unique feature in this study was the simultaneous measurement of air 

transport and airborne moisrure transport by using che SF6 crncer gas and the 

dew poinc syscems. This feature allowed che scudy of che moisture scorage 

a effects associated with airborne moisture cransport. Because SFs is an inerc 

non-absorbing gas ,  the simultaneous measurement of wacer vapour and SF, gas 

tracer concentration permits to derive quancitacive information abouc the 

moisture storage effects due ro  hygroscopic absorption-desorption and 

condensation-evaporation on vall surfaces. 

a 
The results show that moisture storage certainly is an important factor when 

considering airborne moisture mansporr. The cooking experiments show che mosc 

striking results. If the mechanical ventilation system is not in operation, 

56 1. of the produced moisture is stored at che wall surfaces within a very 

shorc rime during the moisture generation period of 30 minuces. 40 Z is 

released co the indoor air and 4 Z is removed by natural ventilation. An 

experiment with the mechanical ventilation svimhed on, shows rhat still 39 Z 

is stored at the wall surfaces. 38 X is then released to the indoor air and 22 

Z is removed by the ventilation system. An overview of che moisture balances 

a for different conditions is shorn in figure 5.9. I c  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 X in any case 

a 
a During the moisture production large vapour gradients ere observed in the 

living roam. Instantaneous differences in water vapour concentration up to 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 =he equalization period the scored moisture is 

a gradually released again by desorption or. evaporation. A more detailed 

analysis has shorn char moisture storage and moiscure release occur 

simultaneously during the equalization period. This can be explained by the 

phenomenon that wall areas near to che moisture source have been moistened 

during the production peak, while va l l  areas remore from the cooking are still 

a dry. Apparently, an equalization process of moisture contents between wall 
surfaces occurs: moisture from "vec" areas moves to "dry" arkas by airborne 

transport of water vapour. 

a 
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MOISTURE BALANCE 

hlOlSTURE REMOVAL @@ = E F F E C T I V E N E S S  

Figure 5.9 Noiscure 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 room. The internal airborne 

moisture teansporc within e single roam is nor easy to understand. The driving 

potential of this type of moisture transport is air movement. Wacer vapour 

diffusion does noc play an imparcant role. Many factors influence the 

distribution of indoor humidity levels: 

- che removal effectiveness of the excract vencilatian (if any): 
- the amounc of dilution by infilcracion of outdoor air; 

- the process of moisture storage and release at the room surfaces and 

furnicure: 

- Che air flow pecterns in the room and associated mixing process. 
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.~h~ 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 reEerred t o  

.a reference level, being che 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 che most remote corner from the cooking 

.place was not higher than 30% compared with the magnitude of the humidity peak 

near co che moiscure 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 

kepc open during or just afcer moiscure production. An exceptional situation 

.is the vash-drying ac the attic. Experiments revealed that this is an 

imporranr moisture load to other zones in che house. . 
0 5 . 7 . 5  Discussions vich respecc to HAU modelling 

.A~ shorn in the previous paragraph moisture absorption plays a dominant role 

in the wacer vapour distribution in real circumstances. However, it is 

.unlikely chat the observed phenomena will be predicted by available models. 

.even if they take inco account moisture absorption at some level of detail. 

Models, in which a perfect and uniform mixing is assumed, will give large 

.errors when predicting the indaar humidity level for a given moisture 

production rate. The problem is chat only very detailed modelling could 

'predict the intense absorption races at wall surfaces near to the moisture 

.source. A more precise prediccian 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 flow patterns, may 

be of help c o  develop a better understanding of the vater vapour distribution 

in real situations. In addition, experimental data will be needed to support 

the simplifying assumptions and to find realistic estimates for boundary 0 
conditions. 

0 
5.7.6 nodel validation. 

The word "validation" is ofcen used wichouc a precise definition. In general 

i is used in the concext oC testing the correctness oE a model. Many 
0 

different validation techniques have been used in che past: 

analytical validations: checking the model output against knovn 

solucions: 

intermodel comparisons: checking the outputs of two or more models; 
0 

empirical validations: checking the model output against experimencal 

results 

Although empirical validation seems to provide the only ultimace cruth test 

for models, it does suffer from many shortcomings. For a complex model a true 
0 

empirical validation is almost impossible because the oucput of a model should 

be Cested for all possible combinations of input dacs. A more severe 

limication is that the measured data are oEcen incomplete and many parameters 

are not precisely knovn. An empirical validation is even more questionable 

vhen a fev parameters are fit to measured data. In many cases it is possible 
0 

Co fit any result to measurement results by varying one or two parameters. 

This is of course no real validation cest. The problem of model validation is 

extensively discussed in a BRE paper 141. 

0 
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5.8 P M T E X  STUDY 

@5.8.l Introduction 

 he goal of the pararnecer study is twofold: 

Investigate the influence of building characteristics and building use on 

@I' the h e ,  air- a d  moiscuie-balance of r rrkienie building. This 

implies rhe use of a heat-, air- and moisture-model for performing the 

simulations involved. 

0 2 .  ro develop insight into the practical application and method of use of 

combined HAM- models 

.Ac present heat(energy) flow and air flow are modelled within combined 

building energy simulation systems. The moisture models in these sysLems are 

@often very simple and do not take into account hygroscopic behaviour of the 

building materials. The procedure in this parameter study is to simulate 

@energy flow and air flow wich one model and to use a separate moisture model 

with che output of the first as input. Computing the energy balance in tandem 

vith air flow, implies chat time-dependent air flow (predominantly pressure 

d r i v e n )  will occur. 

@Two different procedures are followed: 

Combining both time-dependent energy and air flow 

2. Eliminating the time-dependent air flow by caking a constant value for 

l the infiltration to the building, resulting in an energy flow simulation 

only 

@The second opcion has the advantage chat the parameter study is not disturbed 

by variations in wind speed and wind direction. It is paramount in this scudy. 

@Several runs of rhe first option were made to draw a comparison and to develop 

insight into the use of combined models, in particular for the interzonal air 

f l o w .  

The models used and the variants in the study: 

@ -  thermal model/air flow model: ESPsim & ESPair (ASL 89, Clarke 85) 

- moisture model: Elan-Hum (de Wit 90) 
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The reference building has a two-zone m, consisting of a living room 
and a kicchen placed behind each other. The separation wall may be removed 

(open kitchen) resulting in a one-zone geometry. 

The w u o a n t  behaviour comprises three different items: temperature control. 

vencilncion and moisture production. The -turc set-ooinLs are ?he same 
a 

for every day and for each room: the first 8 hours of the day 16'~. From 8 to 

18 hour 1 8 " ~  and from 18 to 24 hour 20°C. For che vencilntion two different 

parterns are used: one relatively constant and one with three extra peaks 

during the day. The day averaged amounc of ventilation is the same for each 

variant, only the pattern differs. The peaks in ventilation and moisture 
a 

productipn 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 kg/day, the living room with a constant value of 0.1 kg,% from 8 to 0 
24 h. The open kicchen (one zone geometry) has a moisture production which 

equals the sum of kitchen and living room. 

The U a t n e s s  of the building envelope is varied by taking a constant 

value for the infiltration rate of 0.3 h-1 or 0.9 h-l. The used ventilation in 

che calculation model is the sum of above mentioned ventilation and the 

infiltration. The differenc insulation levels stem from the old and new Ducch 

regulations: the old with R- 1.3 m2Kp and the new one of R - 2 m W p .  Also 

the distinction between a heavv or liehtweiehf construction is made 

For the calculations with the moisture model, the surface vavour 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 (pd - 0.43 m). 
5.8.2. Results 

The simulations were performed on an hourly basis over a whole year (8760 

hours). The climacic d a m  set used is the reEerence year developed at the 

University of Technology in Eindhoven (v.d.Bruggen- 1978). 32 runs were made 

with the thermal model. The output has been converted to the input format of 

the moisture model. Then 64 runs were performed with the moisture model. 32 

with and 32 withouc a vapaur-tight finish. In this paragraph only a few 

notable results are given. Far a detailed report on chis parameter study see :  

(Pernot- 1990). 
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o r  I-he prcsentntion of thr rcsults. n rcfercncr siruacion is chosen and 

several variants are shown with respect co the reference. The reference is the 

*itchen (closed kitchen) vith che follaving assumptions: 

heavy construction type; 

- isolation;. 

airtighr building envelope; 

vencilacion patrern relatively constanr: * wall finish vapour-tight; 

yt is likely that in chis situation condensation vill occur 

*he variants that are compared vith che reference are: 

The influence of the geometry, no hygroscopic material: chis means that i rhe volume of the kitchen wiIl 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 (volwoe of kicchen + living room) and en 
increase of the ventilation /infiltration compared vith che kitchen only 

(reference). 

0 2 .  The influence of the moisture permeability of the vall finish by removing 

the vapaur-tighc surface finish. 

3. The influence of che infiltration, by switching from 'tighc' to 'open' 

building envelope. This means that the infiltration rate is raised from 

.Presentation of che results 

In the top figures the cumulative frequency discribution is shovn for the 

.hourly values of the relative humidicy over a vhale year. The cumulative 

frequency discribution of the difference betveen the daily maximum and minimum 

.value of the relative humidity is also indicated. This gives insight inca the . daily variation of the relative humidity. The bottom figure shovs the critical 

temperature factor for condensation. 

 his is defined as:, 

evith a , , :  dev-paint temperature of the inside air 
8, :ourside air-temperature 
8. :="side air-temoera~ure . 
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Figure 5.10 Effect of open geometry 
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F i g u r e  5.11 Influence of the vapour permeability of the wall finish 
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Figure 5.12 Influence of che vencilecion 
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Fig"re 5 . 1 3  
Inf luence  o f  coopled a i r  f low on the  l i v i n g  room 
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F i g u r e  5.14 Influence of coupled air flow o n  che kitchen 
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e1'he temperature factor is dclitlcd as: 

e i t h  8, , , , :  che surface temperature 

'If rh i , , ,  > r,, candensarian will occur. The figures concerning the critical 

temperature faccor indicace if and for how many hours condensacion will occur 

'in a comparable situation, once the temperature factor for a rypical ' construction is knom. 
e m p a r i n g  the variants 

&'he firsc variant: influence of the geometry 

.Figure 1 shows i-he results 01 thc lirst variuttt., the ~ : c l c r c n c c  ( L I W  worst 

c a s e )  giving high relacive humidities and a high value of =he variation of RH 

'over dayrime. The influence of che open gearnecry is very clear: a berter 

.sicuacion arises both for the relative humidity and ~ h e  critical temperature 

facror. The resulting situatiy lies between che rwo distributions for che 

.reference (kitchen) and living room, as indicated in the figure. In the boctom 

figure there is no conmiburion tor the living room. The model prediccs zero 

@hours of a critical temperature factor above 0,7 .  ' 
The second variant: influence of the finishing layer ' 
Figure 5.11 shows the results of the second variant. The influence of the 

@moisture permeability of che wall finish results in less variation of che 

relative humidity over daytime. The relative humidity is not higher than 88%. 

a h e r e  will be less condensacion, as is shorn in the diagram for the critical 

temperacure factor ' 
@'be chird variant: influence of ventilacion 

.Figure 5.12 shows the results ot the chird variant. The influence of  the 

vencilacion results in a better performance of both the relative humidity and 

*he critical temperature factor. 

' 
Cnrrrm 5 : MODELLING: COMBINED HEAT AIR AND MOISTURE TRANSPORT PAGE 5.44 



0 

0 
IEA Anna x ~ v  "CONDENSATION AND ENERGY" SOURCE Bma 0 
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Of course it is possible to combine situations to get a configuration with the 

bcst pcrlornmncc. Wcnl. only one typical ~ r r s u l l  is p, ivcl t  a n d  t.lw possibi l itirs 

or thc model., a r e  indicntwd: htrrzonnl air flov. 

The above simulations have been made without a coupling of che zones in a 

sense of air cransport. One situation has been looked at vith che incerzonal 

air llov tnkcu i n L u  ;iccuuicL. Next rcsu1l.s u c l ; ~ l c  1.0 L i ~ v  l il.:;t u p  iutc a:, 

defined in the introduction. Air flov simulations vere made vith che model 

ESPair. Figure 5.13 shows the curnulacive frequency distribution of che 

relative humidity and critical temperacure faccor for the living room for both 

the interzonal and non-interzonal air flow c a s e .  Figure 5.14 shovs the 

comparable sicuacion for the kitchen. For a clear comparison the infileration 

aif flov (outside air) is made the same - on average - as in the interzonal 

air flov case .  This yields for the living room an infiltration value of 0.1 

and for the kicchen 0.08. 

If che interzonal air flov does noc exist. than che living room gets only 

outside air (vhich vill contain less moiscure chan che living room air) and no 

excra 'wet' air from che kitchen. This vill result in a betcer performance 

compared vich che interzonal air flov situation. The reverse applies Eor the 

kitchen. Wich no incerzonal air flov this zone gees only outside air 

(containing less moisture than the kitchen air) and no extra 'dry' air from 

the living room. This will result in a vorse performance of the kitchen 

compared wich the intcrzonsl air Flow situation. 

This expected change in behaviour of che two zones can be seen in the figures. 

These indicace the difference in predicted behaviour, caused by che diffemnce 

in approach. The interzonal air flow situation is likely to be che mosc 

realistic. 

5.8.3 Remarks 

This parameter study indicates chac che vencilation/infilcracion and surface 

noiscure storage arc the tmosc in~porcnnt: parameters of chosc covercd in this 

study. In the case of che open kitchen two effects play e role: the increase 

of air mass (volume of kicchen + living room) buc also an increase of the 
vencilation/infilcracion compared with the kicchen only (reference). These tvo 
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.effects give an important decrease in the number of hours of critical 

temperature factor as is shown in figure 5 . 1 0 .  . 
.Combining HAM models turned out to provide valuable informarion on the dynamic 

behaviour of the room with respect co  moisture transport and condensacion 

.risk. The work is laborious because of the great amount of information chat 

musr be converted to match the input of the following programme. A lor; of 

.bookkeeping is required to score all the information properly. To overcome 

.these problems the moisture model should be incorporated in che energy 

simulation programme. This would also result in a better performance of the 

.combined simulscion because chermal effects are involved when condensation 

.The validity of the moisture model lies between 20 and 80% relative humidity. 

This implies that the results give reason far criticism if the relative 

.humidity 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 [ 3 4 ] ) .  The figures indicate that relative humidity is 

.occasionally 100%. At the time' that this parameter study was performed, the 

moisture model did not yet take condensating vapour an constructions into 

.account. In reality these high relative humidities will seldom occur. In this 

study they are mainly caused by a very pessimistic input e.g. the moisture 

.production is asiumed to mix completely wich the kitchen air and is not 

.partidly extracted by ventilation close to the source. 

.1n 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 higher 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 critical temperature factor is a 

osensicive indicator for changes in performance. This is clearly illustrated in 

ofigure 5 . 1 3 .  . 
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6.0 INTRODUCTION 

Mould on building cmponents is, apart from the insulation and building 

quality faccors involved, depending on the boundary conditions: temperature 

and relative humidity of the outside air and the wind speed, influencing the 

inside surface temperacure, the air change inside the building, and the 

preloading of the supply air with humidity. Inside, it is the user who effects 

the indoor air cemperamre, the amount of moisture emitted and, of course, the 

air change rate, the last by manipulating the vencilation openings. Room 

furnishings influence the heat and moisture balance: heating and vencilation 

systems affect the temperature distribution inside the rooms. 

In chis last chapter. the boundary conditions will be dealt with in greater 

detail. 

6.1 Uoiature Balance of a Room 

Humidity conditions inside a room are described by means of the relacive 

humidity or the absolute humidity x [ghg] or c [g/m3]. In building physics, 

it is generally the relative humidity that is considered; in investigations of 

heating or ventilation systems the absolute air humidicy is used (see chapter 

4 .  modelling: hygric aspects). 
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.6.2.1 
Steady-State Conditions 

@The relative humidity in steady-state conditions in a room presencs an 

equilibrium determined by the vapour balance. The water vapour produced 

@inside a room (by respiration of occupants, flower plants, cooking, 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 vapour is discharged back c o  the outside by the exhaust air (As shown in 

chapter 4, diffusion doesn'c play a big role in this). 

T n  non-sceedy-s~ece. chere are sorpcion effects caused by rnoiscure 

fluctuations, which have to be taken into account in addition' to rhe above 

@mentioned moisture balance portions. Depending on the actual sorpcion 

behaviour of walls and furnishings, short-term moisrure peaks can be buffered. 

@The moisture vill be re-released as soon as the indoor air humidity decreases. 

6.3 Influence of Inhabitant Behaviaur 

Occupants have a major impact on the indoor climate. On one hand, humans are a 

source of pollutants (GO2, odours, and moisture), on the other hand they can 

@control the indoor environment vhen feeling uncomfortable. Humans are not 

sensitive to all indoor contaminants. Far example chere is no perception for 

CO, ar CO and only a weak sensitivity to very high humidities. The perception 

of odaurs is only well functioning for changes of odour intensity (eg. when 

entering a room). Occupants respond to room temperature according to their 

d e g r e e  of activity and clothing. Therefore occupant beheviour varies very much 

and is difficult to tackle and to express in mathematical functions. 

The interesting questions vith regard to mould and surface condensation are: 

- I tow I l igl l  u u e  ruo81 Lclnperillul:cs i l l  p r u c ~ i c c :  

- how high are ventilation rates in practice; 

- 
how hich is che humidity production in pracrice. 

In ansvering these questions, one can differentiace between the kind af rooms 

(living, functional, and sleeping rooms), betveen the seasons and climate 
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v n i - i o r i o n s  wi thin n day, bctwecn ntti l-tldcr; 01' occupants i-"wards cncrp,y 

savings, between social status and habics . . .  
In the framework of the IEA-Annex 8. 'Inhabitant Behaviour with Respect to 

Ventilation', it was cried to answer some of these questions. 

6.3.1 Vapour Production Rates in Rooms 

[Depending on che individual occupants habits. more or less wiltcr vapoul: is 

emitted in a room, according to the actual degree of physical activity; a man 

alone releases between 40 g/h and 300 g/h of water vapour every hour. The 

activities mast frequently performed in dwellings will result in a person- 

related moisture production of about 90 g/h. In bathrsoms, the amount of 

moisture produced is reported in 171 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 load 

between600 g/h end 1500 g/h. The daily average amounts to about 100 g/h. 

Flower plants and aquaria are also contributing to the indoor moisture load. 

Far instance, plants are evaporating practically all the water supplied; at 

the mast, only 0.2% of this water can be used for growth. Small potred flowers 

emit between 7 g/h and 15 g/h of vapour: a medim-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 processes 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 therefore always be dried in thoroughly 

ventilated rooms. In Table 6.1 all common moisture emitcers presenc in 

dwellings have been compiled. 

The relevant technical literature ( s e e  [3] through [12]) has been screened for 

moisture loads in dwellings of various sizes. These figures have been 

collected in Table 6.2-6.5. Thc average values For moisture loads arc 

presented for a household without children (Table 6.4) and far a household 

with two children (Table 6.5). During the day.  the moisture production is 

subject to pronounced variations. 
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1 B a t h r o o m  

l i g h t  a c t i v i t y  
Human b e i n g s  medium a c t i v i t y  

h a r d  w o r k  

b a t h  
shower 

3 0  - 6 0 g l h  
1 2 0  - 2 0 0  g l h  
200  - 3 0 0  g l h  

a b o u t  7 0 0  9 t h  1 . 2 6 0 0 g l h  I 
c o o k i n g  and  w o r k i n g  6 0 0  - 1 5 0 0  g l h  
d a i l v  a v e r a a e  ( 1 0 0  4 t h  

P o t t e d  f l o w e r s  
e . g .  v i o l e t s  ( V i o l a )  

A q u a t i c  p l a n t s  
e . g .  w a t e r l i l i e s  
INvmohea a l b a )  

5  1 0  g l h  

P o t t e d  p l a n t s  
e . g .  f e r n s  
( C o m p t o n i a  a s p l e m i f o l l a )  

M e d i u m - s i z e d  r u b b e r  p l a n t  
( F i c u s  e l a s t i c a )  

l o o e n  r a t e r  s u r f a c e  l a b o u t  4 0  g l m 2 h  1 

7  - 1 5  g l h  

1 0  - 2 0  g l h  

Young t r e e s  ( 2 - 3  m )  
e . g .  b e e c h  t r e e s  ( F a g u s )  

F u l l - g r o w n  t r e e s  ( 2 5  m )  
e . g .  s p r u c e  t r e e s  ( P i c e a )  

Table 6.1: Hoisture in dwellings emitted by human beings, plants, drying 
processes, bathroom units, according to ( 7 1 .  

2  - 4  k g / h  

2  - 3  mJ/h  

D r y  l a u n d r y  s p i n - d r i e d  
( 4 . 5  k g )  d r i p p l n g  w e t  

0 
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Table 6.2: Compilation of rates of daily moisture loads in dwellings (kg/d) 
0 

as indicated in the relevant literature. 0 

Table 6.3: Total quantities of moisture emitted in dwellings of various size. 
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0 0  c h i l d r e n  

one  c h l l d  

W l t h  tWO c h l l d r c n  
more t h a n  
t w o  

H o i s t u r e  em16110n r a t e s  

8  k g l d  - 3 5 0  g / h  

12 k g / d  . 500  g / h  

1 4  k g l d  . 5 8 0  g l h  

1 5  k g l d  . 6 3 0  9 t h  
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P e r s o n s  ~ o t a l  amount o f  m o l s t ~ r e  I: m 
p r e s e n t  [ g l d r c l l i n g l  p e r  h 

T i n e  Number P e r s o n s  Cook ing  P e r s o n a l  Wash ing  [ g l d r l g l  
[ h l  h y g i e n e  

1 2 120 I I 1 120 

2 2 2 120 120 

2 3 2 120 120 

0 2 120 120 

I: p e r  day  1680 1440 1200 4320 

0 Table 6.4: noisture emitted in a family of two, according to 1121 

0 
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a 
a 
0 

0 

a 
a 
a 
0 

0 

a 
0 

0 

0 
Table 6.5: Hoisture emicced in a family of four, according to [ 1 2 / .  a 
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VencilaCion Rates 

@ e r e  we compress the results of IEA-Annex 8 ( 2 1  

e e l l i n g  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 ventilated than 

other rooms; 

bottom-hung windows and fanlight windows are opened more frequently than 

other types of windows: 

occupants, living in single-glazed window dwellings open windows more, 

a f ~ u r ~  ca rcmove condezlsolion from rhc panes, than occupants in doublc- 

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 diEference 

in dwellings with a natural and dwellings with a mechanical ventilation 

system as occupants don't understand how to use and operate the system. 

w f e s t y l e  

- the more occupants in a room, the more the windows are opened. In 

0 dwellings, which are left during the day, windows are more likely to be 

0 closed during daytime(for security reasons) but mare opened during 

evening and night time; i.e. the duration of window opening over a day is 

about the same if dwellings are occupied continuously or only at night; 

- window opening duration in living rooms wirh smokers is twice that in 

living rooms wirh no smokers; 

0- 
occupanrs with high thermostat setting open windows less than occupants 

with low thermostat setting. Most people prefer bedroom temperatures 

below 1 7 ' ~  and keep bedroom windows open during cold winter days; 

- there is a correlation between the use of a shower and the opening of the 

0 bathroom window. 

&do-economic Variables . elderly people ventilate less than younger people. 
0 
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Control strategies 

- Survey results on why people open their windows also 

stale air or condensation' 

Weather Factors 

- there is a linear correlation between the percentage af 

the outdoor temperature; 

Somcr. Box 

include 'remove 

o w n  windows and 

- there is an inverse linear correlation between the percentage of open (I 
windows and the wind speed 

- windows are more often opened when the sun shines (I 
- living and bedroom windows are significantly less opened during rainy 

days. 
(I 

Additional Air Change Rates h e  to Occupant Behaviour 
(I 

- S~udies from Dcnmark, Belgium and Switzerland have been evaluated. The (I 
results listed in Table 6.6 are remarkably similar. They show an 

additional ACR due to occupant behaviaur between 0 . 2 5  and 0 . 3 5  h-I. 4 

Source 

Kvisgard el al 

Woulers and 
De Baels 

Faist et al 

Country Descrlptlon 

Denmark Single-family dwellings 
naturally venlilated 
mechanically ventilaled 

Belgium Single-family dwellings 
Apanmenls 

Swazerland Apanment 

Table 6.6 Comparison of results for ehe Danish, Belgian ans Swiss projects 121 4 
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@s sratrcl i n  (1. 3 .  2 ,  most peop le  p r c i c r  budruow LL~I I I~L .L -ULLITCS bcI O W  1 1 " ~ .  C<:rw#! 

studies learn, that average living room temperatures are more likely to be 

e i g h e r  than 20°C, which is the design value in most building codes. In 

practice, living room temperatures vary between 20 and 24'~. whereas in 

.Scotland bedroom temperatures were measured as low as down r o  O'C. . 
Air and Humidity Distribution in Buildings 

If the interior doors are kept open, rooms with high moisture production will 

.influence the humidity levels in adjacent rooms. A very common behaviour of 

c c u p a n c s  is ro open the doors of a room with high moisrure production 

(especially bathrooms but also laundry rooms and kirchens) to decrease the 

eumidity 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). . 

.figure 6.1 Room temperature distribution for differenc heating systems . 
C m ~ r m  6 : BOUNDARY CONDITIONS PAGE 6.10 
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6.4. Influence of Heating System . 
6 . h . 1  Tcmpervturc ScraciCicution 

The knowledge of the temperature field in a roam is important far thc 

investigation of mould problems. Especially the convective surface film 
. . coefficient hCi depends on the air temperature close to the surface. Raw air 

temperatures are distributed, depends an the heating system. 

6.4.1.1 Radiator Heating System 

Figure 6.1 shows the temperature distribucian as a function of the room height 

for a radiator heating system, compared to a floor hearing system. It can be 

seen that the temperature gradients are substantially bigger with radiators. 

6 . 2  Floor and Cciling Hencing System 

In rooms wich floor heating and a room height of 2.65 m the temperature 

distribution is pretty uniform [I]. Also under extreme conditions uith inside 

surface temperatures a£ external walls of 13'~ end average room cemperatures 

of 22'~. che temperature difference is mar. 2 'c. The difference vith respect 

to the room height increases near che exterior walls. Fig.6.2 shows the 

temperature distribution vith the boundary data and Fig.6.3 gives the velocity 

distribution for slightly different boundary conditions. 

In (341, air temperature and velocity profiles in a room ere 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 whether air, black globe or another temperature was measured. 

6.4.2 Operating nodes 

The influence of 'night set-beck' on mould occurrence has not deeply been 

examined yet. Vhen heating stops and the room temperature decreases, the 

relative humidity increases and adsorption starts. Vhen heating starts again 

the air humidity decreases and moisture is released by the walls. A dutch 

scudy [30] reported a rise of 0.4 g/ml air hmidity due to a temperature 
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Insul . Infiltr. floor ceiling floor* floor 
of + + 
Facade h-1 ceiling MV** 

+1.4 
... ... good 0.7 . - . 21.7 

-1.5 

+1.1 + 2 4  +1.9 
poor 0.7 22.0 20.8 21.2 ... 

-2.0 -2.2 -2.1 

* Heacing power ratio : 1/3 floor. 2/3 ceiling 

** re " : 1/2 floor, 1/2 M I  (mech. Ventila~ian) 

@Table 6.7: Room mean cemperacures with maximum and minimum deviation for 
different heating systems, infiltration rates and insulation 

0 qualicy [ 3 4 / .  

0 
increase from 17'~ to 21'~; starting at a RH of 35X, the RH after 1 hour was 

30%. The c a m 1  mass of desorbed moisture (living room. 93m3) was 40g. These 

.values arc of course dependent on the wall finishes and the furniture in the 

lOOrn~ 

&me general remarks are given in [25]. During the night the highest moisture 

0 production takes place in bedrooms. Most people close bedroom doors at night 
for privacy and/or keep windows especially during winter times closed. 

a ~ e d u c i n ~  the room temperature at night lowers the surface temperature of the 

exceriar walls. These conditions increase the probability thac the relative 

.humidity agains~ the walls gets too high. So, it is important to give special 

attention to moisture removal from bedrooms during the night. 
0 

Simllar effects may take place if the bedrooms are kept cool during the day 

e n d  warm moisc air from the rest of the house comes in. 

0 
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Figure 6.2 Temperature profile in a room with an exterior wall 
h - 12.9'~. 8 ,,,,,,,, - 22.1'~. h/l - 0.54 

SOVRCE Bmr 

Figure 6.3 Air velocity in a room unit floor heating syscem end an exterior 
wall 8," - 14.8'~ 
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0 6 . 5  Influence of Ventilation System 

.One of the causes of mould problems may be poor ventilarian. In fact. the 

poorer the building's insulation. the higher the necessary ventilation. 

.~awever.also a well insulvccd building needs an adcquate ventilation rete. 

Host houses are naturally ventilated. Therefore we focus our considerations on 

.this kind of ventilation strategy. 

0 

0 
6.5.1 Natural Ventilation 

06.5.1.1 Driving Forces 

.In natural vencilacion the driving forces are: vind and stack effect [ 2 6 ]  

Wirhin che lower regions of the earth's atmosphere che wind is characrerized 

@by random fluctuations in velocity which, when averaged over e fixed period of 

0 
Figure 6.4 

0 

.time, give a mean value of speed and direction. 

Wind increases the pressure differentials around buildings end increases che 

.air flow through openings. Wind velocity increases with the height above 

groundlevel. Therefore, the influence af wind an e.g. e high-rise apartment 

'flat i.s bigger than on low rise buildings. 

Wind velocicy profile, which illuscrates che effect 
speed on che vencilation race 1351 

0 1 

0 

wind 

I 
I 
I 
I 
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Stack effect: 

The arack effect arises as a result of temperature differences and hence air 

densicy difEerences between che inside and che exterior. This creates a 

vertical pressure difference. When che internal air temperature is higher than 

rhe outside cemperature, air enters through openings in the laver part and 

escapes through openings at a higher level of the building. This flow 

direction is reversed when the incernal air temperacure is lover than the 

outside temperature (fig.6.5) 

!Jeer effect: 

Occupants may increase venrilation by opening windows, doors or ocher purpose 

provided devices ( s e e  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 mildev occurrence solely in 

terms of thermal bridging. tvo-dimensional heat flow, hindered air circulation 

or lack of radiant heat gain. 

The auchors proved that additional cooling of wall surfaces resulced from 

defects in the sheathing, vhich allovs the wind to penetrate the vall 

Figure 6.5: S t a c k  induced pressure between two verticelly placed openings 1261 
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construction in corners where a rapid positive- negative change in wind 

pressure exists. They concluded chat defects in the sheathing-siding syscem 

permitted wind to blow in and out a£ the wall cavities withouc actually 

entering the building. 

For this to occur, there must exist continuous inside - outside air passages 

into the wall through the siding-sheathing around the corner.. These continuous 

air passages are due to careless inscallatian of the sheaching, to Lhe air 

permeability of the glnss fibre insulation and to shrinkage cracks between 

studs and gypsum board. Similarly, air pressure under the wind ward soffit can 

cause wind to blow through ~ h e  exposed face of attic insulation. Unfilled 

corners betveen the ceiling gypsum board and the attic joints present passages 

with little resistance ro wind. In same instances air velocities into the 

@attic have been sufficiently high to even scour away unprotected cellulose 

insulation. Wind-driven snow can also blow into the attic through rhe  soffit 

vents. 

Summarised, the above phenomena vere believed to be due, to deficiencies in 

the wind protection of the insulation (alloving forced convection to cool the 

weather-side of che gypsum wall board to near-outside temperatures). 

Powell at al. 1281 showed chat the influence of air intrusion on the . . 
@performance of porous insulation cnn be high and decrease the thermal 

resistance of a vall 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 

effeccive thermal resistance of insulation depends on: 

- natural or forced convection 

- vidth of the joints between insulation slabs 

- air permeability, density and thickness of the insulation 

@ -  
width of che air spaces on boch sides of the insulation layer. 

The authors showed that in many cases a correct application of an air barrier 

@reduces significantly the convective air flov, and is effeccive in preserving 

the R-value of che insulation 

@The hygrochermal consequences of air conv'ection in vall structures was 

investigated by Ojanen et al. 1291 by using a numerical simulation model. The 

m a i n  results are: 

C W P ~  6 : BOUNDARY CONDITIONS 
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- Wind-caused forced convection may increase mean hear losses of the corner 

area by about 15 % .  Here locally heat flux values were even three times 

i ,  I w I c o r i v r c  i w ,  

- Air infiltration causes hear recovery from transmission heat losses. 

Under uniform infiltration condirians che calculated warming of outdoor 

air rhrough the porous vall can be 90 2 .  The total heac recovery effect, 

related to the total heat balance of the room air, may be 23 X .  

We conclude that virh respecr to 'Energy and Condensation' leakage in wall 

structures or ineu1at:ion materials generally increases heat fluxes and. 

decreases surface temperatures, enhancing the risk of mould and surface 

candensacion. 

Exfilcxation through gaps, cracks or a porous vall increasas significantly the 

risk of interstitial condensation. 

6.5.1.3 Short Inrensive Venrilation 

Still, it is often proposed to ventilate a room very intensively for a short 

time (open vindovs etc.) to re-esrablish good indoor air quality and low 

relarive humidity vith minimal energy losses. To get rid of high moisture 

concentrarions this is not a goad advice. Many tests shov that jusr after 

intensive ventilation (vindovs closed) vapour is released again from room and 

furniture surfaces vith the result that the relative humidity in the room air 

is about the same value as before (see Figure 6.6). 

-I I 
rn II a 

r". , D.1 * I  YII 

Figure 6.6 noiscure behaviour due co airing [ 3 0 /  
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l 6.5.1.4 Ventilation strategy 
@A possible ventilation srracegy to cope with moisture problems and to minimize 

energy consumption is adjusting the air flow rates, according to the variation 

l in relative humidity in the building zone. 
From the point of view of energy conservation (and not yet from an economic 

l point of view) an air right building with a humidity controlled ventilating 
l system, could be a good choice, which should be looked at closer. 

6.5.2 Climatic Influences 

l The impact of the local climate on ventilation is twofold: 
a- due to outdoor humidiry and temperature changes the leakage 

charncteriscics of the buildin8 component openings may vary. Especially 

l affected are timber components vhich shrink during dry and cold winters 

and swell during wet summers; 

l - as discussed in paragraph 6.5.1  he driving forces of natural ventilation 

l - wind pressure and stack effect - are largely dependent of the 

meteorological conditions. 

l Fig. 6.7 qualitatively shows the infiltration characteristics of a building. 
Such a curve is constructed using a numerical model Lo calculate the 

infiltration rate for fixed increments in wind speed and temperature, covering 

l rhe climatic range of the locality (graphs and texr partly taken from the Air 
Infiltrarion Calculation Techniques Guide 126)). 

a 

temperature 
adlerence 

F i g u r e  6.7 Infiltration cheracceriscic 1261 

a 
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This approach provides an invaluable aid co  the visualization of air 

infiltration performance for specific design conditions. By constructing such 

curves for different capographic conditions, ic is also possible to analyse 

the influence of shielding. In addition chis approach enables an approximate 

indication of air change rates for a wide range of wind and temperature 

conditions. 

In practice it is inevitable thae cercain combinacions of wind and temperature 

resule in coo much or coo litcle infiltrncian. Therefore iK may be necessary 

to calculate the air infilcration rates in a further stage of design process 

by de~ermini~g the frequency of time intervals for which unsuitable conditions 

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 infiltracion. Typical results are illustraced in figure 6.8 in the form of 

a hiscogram and an accumulative frequency plot. This figure also illustrates 

how climatic severity influences the distribution. 

These results may be used to analyse che extra energy losses associated with 

nacural ventilation or to investigate the need for controlled ventilacion. 

According to che maximum allowable relative humidiry in a room one can 

estimate, how afcen supply air is insufficient to remove moisture and how 

often excessive (unnecessary) air with regard co  moisture production is 

supplied chroughouc a year. To do such calculations, the meteorological data 

base is given in Appendix A. 

+air change rate > (k---, alr change rate > 
Figure 6.8: Distribution of infiltration rates throughout a heating season [ 2 6 ]  
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Uoisture distribution vichin a zone 

(intrazonal moisture distribution) 

a 
The characteristics of rhe moisture sources are different: intermittent 

arelease through cooking and showering o r  other special acrivities, more 

a uniform release through flower planrs, aquaria and sometimes cloch drying. 

Adsorption and desorption are also generation sources, where adsorption 

@(negative generation) can happen quite fast, especially when condensation 

occurs, while desorption of a previously adsorbed amount of water can take 10 

a- 15 times longer [ 3 0 ] .  It is proven thac the characteristic of che source. 

a t h e  ventilation system and the heating system influence the intra-zonal 

moisture distribution. 

a 
In naturally ventilated rooms vapour production by sources with lov and 

@uniform release is usually homogeneously mixed throughout the room. Door usage 

a and the often applied radiator heating promote good mixing of room air. If 
temperature stratification occurs, relative humidities may vary but the 

@absolute vater content will be about the same, as experiments show [36]. 

A different behaviour is observed with intermictenc moiscure sources. 

OPxperiments in a dutch living room (301 vith open kitchen indicate the 

.fallowing: 

vapour concentration (in mg/m3) decreases vith the distance from che 

source due to mixing (dilution) and fast adsorption: 

vapour concentrations beneath rhe ceiling are higher, sometimes by a 

facror of 2, compared ro locations above the floor (measured at the same 

x-y coordinates vith different height). This is, because vacer vapour at 

the boiling paint is much lighter than air and accumulates beneath the 

ceiling; 

depending on the aperacian mode of the ventilation system and the use of 

air supply devices it takes between 2 co 4 hours, before vapour 

concentrations in the room have equalized 

if no mechanical ventilacion syscem is in operarim, doors and vents are 

closed, and an infiltration race of 0.6 h-1 is assumed, than rhe 

adsorption process lasts for about 2 hours afcer moisture generation. 

Then a desorpcion period follows with a duration of 6 hours 

a 
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- with the suppbrt of an extract fan, che adsorpcian and che desorption 

process is accelerated. 

Similar experiments were undertaken in Germany [311 In a living room moisture 

was generated using an air humidifier. Contrarily to the ducch experiment. the 
0 

moisture was mixed vith ehe air and che temperacure of the emitted vapour air 

mixture vas only slightly above room temperature. Relative humidicy 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 che 

ceiling or away from the source. 
0 

6.5.4 Interzonal Uoisture Transfer 

Scudying the transport of moisture, one has co realize chat che airflow 

through an open door, due co turbulence and even small temperature 

differences, is relatively high in relation to the flov rates vith the door 

closed [30]. For inscance 1K temperature difference easily causes a flow rate 

of approximately 100 dm'/s. With the door closed, in the same sicuacion. che 

flov is about 0.5 dml/s. The flov rate over a closed door due to wind or 

mechanical extraction normally is, for instance vich 2 Pa pressure difference 

across it. approximately 10 dmZ/s. This is of course depending on the air 

permeance a f  che door perimeter joint. 

Experiments in [30] reveal thac after a 30 min cooking process and opened door 

between living room and landing only a slight relative humidicy increase was 

observed in the landing. The results of a 15 minuces shovering experiment (810 

g evnporaced in a 3 in:' bnchroom) reveals thnc thc vnpoue concfntcntion in 

adjacent rooms goes up co 85 Z of the peak level of the bathroom, vhen the fan 

is off and the door in between open. The drying of boch rooms took 4 hours. 

Wich the fan off and che door closed chere ves almost no increase of humidity 

in the adjacenc room. The drying of the bachraom was determined by natural 

ventilation and cook about 28 hours. 

Using an excract fan, which provides en ACR of 6.6 h-1 . and keeping che 
bathroom door open the peak level in the adjacent room could be reduced to 

about 40 2 of che peak in che bachroom. 
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6.6 neteorological Conditions 

The outdoor climate has a major impact on the inside vapour concentration. 

Humid air enters a building by infiltration, natural ventilation or by a 

e c h a n i c a l  ventilation system. Infiltration and natural ventilacian are 

strongly influenced by wind speed and direction and by the Lemperature 

@difference between inside and oucside. 

The knowledge of  outdoor temperature, outdoor relative humidity, wind speed. 

and wind direction is important. For c a s e  studies and research projects these 

@parameters have to be recorded. Far more global considerations e.g. comparison 

of different locations or calculations, monthly averages are of interest. 

@Appendix A contains the monthly averaged outdoor temperacure, absolute 

@humidity, and wind speed for the 5 countries, involved in Annex XIV.. 

e6.6.1 Influence of the Local Climate an the Indoor Air Humidity 

@By ventilation or infiltration, outdoor air is brought into a building. Haw 

much air enters, depends on the ventilation strategy (natural ventilation, 

balanced ventilation, etc.). Haw humid this entering air is, depends an the 

@local climate. There are locations which are fairly dry but others which are 

humid. Also the season plays a role. 

@Independent of the building quality, the ventilation strategy and occupant 

ebehaviour , we tried to compare for different locacians che impact of the local 

climace on the indoor air humidicy level. The reason for these calculations is 

wt to report theoretical ventilation rates and energy saving factors, but to 

visualize =rends and to qualitatively emphasize the impacc of different 

.pafameters on ventilation and energy consumption in relation to the moisture 

a 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 

aused. 

@ In many locations of Europe the most critical time of the year is early fall. 
It can be seen in Figure 6.9 and 6.10 that e.g. in Bremerhaven in the nord- 

@west part of Germany and in Friedrichshafen at Lake ConsLance in the very 

south of the country during some days in October the calculated differences 

C 
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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,).-x. bigger. These facts may not be severe with regard to mould 

growth, as these conditions do not lasc very long. Using monthly mean values. 
a 

one would dbtain in most cases uncritical conditions. 

The considered cases are idealized. but they show that sometimes only small 0 
rates af moisture produccian in a building can make che difference ( X ~ ) ~ - X ~  

negative and, if this situation stays for a considerable time, it increases 
0 

the risk on mould growth. These small difference (xI).-x. ask high ventilation 

rates 

Example : 

We consider as reference house, a one zone building with a mean "inside 

surface - outside" heat permeance P' - 1.15 W / d K .  The inside surface film 

coefficient is hi - 4.0 W/mZK. Calculations are performed vith a room air 

temperacure of 20'~ and 16'~. The outdoor air passes through the zone where it 

is heated f r o m  outdoor to room temperature. If mould problems should be 

avoided, che monthly mean humidity against the surface should not exceed the 

empirically derived '+'-value, see chapter 2 of 1321. 

Out of the sceady-state moisture balance (see chapter 4). we calculared the 

mean inside vapour cancentrarion, (xi). of the zone. 

A plot of (xi),-x, vs, time shows: 

- for positive (xi).-x.. hov 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 avoid mould risks; 

- if (xi).-X, is zero, that no moisture should be released into the room; 

- if (xi).-x. is negative. that without dehumidification of the supply air 

the maximum 'aw'-value at the surface considered will be exceeded. 
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i TRY12 FRIEDRICHSHAFEN, October 
Ditlerence between indoor and outdoor 
ilbeolute numiaitr; no moi~turs relsam 

- 
I =igure 
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6.6.2 Ihc lnflucr~cc of tttc Local Cliroat:c on thc VcntilnLing Ratcs 

We consider the same reference house a s  in 6.6.1 and calculate the accumulace'd 

supply air flov, necessary to fulfil the condition not to exceed the maximum 
a 

'aw' -  RH-value against the vall surface. Furtheron we assume. chat the 

moiscure release is uniEorm throughout the day: 8 kg/day. There is no heating 

from June to August and also during days outside chis period, vhen the mean 

daily outdoor cemperature is above 15-C. The energy consumption calculated. 

refers only to the ventilation losses vithout caking into account the energy 

consumption by f ans  or the savings through heat recovery (See appendix B) 

Figures 6.11 and 6.12 shows monthly accumulated ventilation flow and energy 

consmpcion for Essen,in the vesc of Germany, necessary to keep che indoor 

relative humidity low enough to have no exceeding of The mould condition 

against indoor surfaces. 

Remark: 

It should be kept in mind, thac the purpose of ventilation is not only to 

evacuate moisture, bur also to remove odours, stale air, 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 load (local climate, indoor generation 

processes), coupled to the mould condition, an ventilation rate and 

energy consumption, with exclusion of all other factors. 

Figure 6.11 shovs, thac, depending on =he indoor temperature. the necessary 

ventilation rates are highest during summer and lovest during wintertime. This 

is obvious, because - assuming a uniform generation rate throughout a year - 

the warm humid air in summer can nor. take up so much moisture as the dry cold 

air in winter, after being heaced. This increases the ventilation rate in 

summertime. 

Figure 6.12 shows che energy demand for two different indoor temperatures. As 

it can be seen, it is not always possible to save on ventilation energy demand 

vith a lower room temperature, if the adequate amount of air should be 

supplied to avoid mould problems. 
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TRYO3: Essen 
Accumulated air mass 'W '  of supply air 

P.l.l6 W l m P I ;  bl.4 WlmZK 

TRYO3: Essen 
Acc.energy consumption 'H' of supply air 

P.l.16 W1m21(; hl.4 W l n 2 K  

.. ..- . -. ... - 

a 
C w P m  6 : BOUNDARY CONDITIONS PAGE 6.26 



a 
IEA AHNn xIv "CONDENSATION AND ENERGY" SOURCE B ~ x  0 
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 

a total air flow all a v e r  the year has co be increased by 32%. if the air 

temperature is reduced co 16'~. This increased air Claw reduces the energy 

savings by a lower inside temperature to only 4%. Calculations for ather 

locations had been made with the result. thac a decrease of room temperature 

can led to an even higher energy consurnpuion Lor air hearing. 

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 vich 

decreasing room temperature. This overcompensates the effect of the outdoor 

air, to be heated to a laver room temperature. 

All calculations performed base on the assumption, that che ventilacion system 

inscalled is able to exactly adjust the air change rate to the need, i.e. not 

to exceed the '%'-RH-value against indoor surfaces. Such a system doesn't 

exist yet. One srep cowards this goal could be relacive humidity controlled 

ventilating systems. 

If different vencilation strategies are compared vith regard to energy 

consumption, such a comparison only makes sense when all strategies make sure. 

chat on a monthly base che relative humidity against indoor surfaces vill not 

exceed the 'a,,-value. 

Room- accumulated energy 

temperature air flow [kg] consumption [kwh] 

during a year during a year 

Table 6.8: Accumulated air mass end energy consumption during a year 
at differenr room remperacures based on values from Figure 6.11 
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0 
0 

0 

0 

0 
0 

S O ~ C E  Bmn 

Air flow rates 'W' and energy consurnp- 
tion 'H' for supplied air for interna- 

tional locations 

0 5 0 0  I 0 0 0  I 5 0 0  2000 L o c a l l o n  

B  - B r u s s e l s  U k r l  
F R G  - B e r l i n  Tempelh  

F R G  - B r a u n o c h r e i o  
F R G  - Brernerhaven - 

F R G  - E a a c n  
F R G  - F r a n k l u r l l M a i n  

F A G  - G i e B r n  
F R G  - Hamburg-Fuhlab  

F R G  - M a n n h e i m  
F R G  - Mi inchen-Rlem 

F R G  - Ni i rnberg-F luoh 
F R G  - Regensburp  

F R G  - S f u t l o a r t - H a h .  

G B  - Birmingham 
-GB - Scl l l ' l  l r i e s  

G B  - P r e s l w l c k  
i - Torin0 
I - U."0li - - -  

T h e  N e t h e r l a n d s  1 
0 5 0 0  1000  1500 2000  2500 

T h o u l a n d .  Ikp a l r l  

&% W(ll-20Cl O ~ ( l l - 2 0 C )  
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Based on the previous calculations. we cried to compare the air flov rates 

needed. and che energy demand for locations in the countries participating in 

chis Annex, to see hav the different climates effect the necessary 

ventilation. Used are the monthly mean outdoor temperature and relative 

humidity values oE Appendix A. 

The results are shown in Figure 6.13. I F  the reference house with a vnpaur 

generarim race of 8 kg/day is placed on the Scilly Isles (CB), the 

accumulated air mass flow on yearly basis reaches 1.8 106 kg air; Napoli (I) 

holds che second place with 1.6 lo6 kg air and Brussels (8) ranges on the 

third place with approx. 0.95 106 kg air. All other areas don't differ thac 

much. Energy demand is due co the warmer climate lowest in Napoli (I): 750 

kwh, and Torino (I): 1200 kUh. The third lowest energy consumption can be 

found on the Scilly Isles: 1400 kUh, where vencilacion races are highesc. 

Energy demand of the other locations vary between 1300 and 1700 kwh. 

6.6.3 Summary of Findings - Comparison to common Ventilation Scrategies 

Assuming that it is possible to control the indoor air humidity in a way chat 

rhe '+'-value, is not exceeded, the results can be summarized as  follows: 

1. At a constant room temperacure the necessary supply air with respect co 

the relative humidity control can be substantially higher (factor 3 in 

Figure 6.11) in summer than in vinter. The energy consumption during the 

cold months (Dec./Jnn) can be twice that of the warmer monchs May and 

Sept. 

2. A decrease of the room temperature increases the necessary supply air and 

can even lead co more energy consumption, 

As previously said, it only makes sense to compare those ventilation 

strategies, which make sure that the '+'-value is not exceeded. 

Coming back to the energy consumption of Figure 6.12, chene values are really 

the minimum amounts needed, if indoor humidity is the dominant control 

parameter and when che syscem always operacer, coupled to the 'a,'-value 

needed. Therefore, such a system would from a relative humidity -conrral poinc 

of view be the optimum one. 
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Figure 6  1 4  

a 

FRG - Stuttgart-Hoh. 
Comparison of energy consumption with 

different ventilation strategles 

-. FRG - Stuttgart-Hoh. 
Comparison of supply air mass 'W' with 

dlfferent ventilation strategles 

, ........, ,,.,., 

Figure 6 . 1 5  
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In che folloving we discuss the potential enerEy savin~s with more advanced 

ventila~ion strategies, compared to the traditional ones. 

Natural ventilation 

Due to the driving forces, which are higher in winter than in summer, the 

demand vith a nacural vencilation system is adverse co  the potential. However. 

the occupant is able co  react an coo high relacive humidities by using the 

devices. Practice shows that this is not always done. 

To calculate energy savings, comparing natural vencilation syscems with 

humidicy 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 c a s e  per c a s e .  Nevertheless, it can qualitatively 

be summarized, that a natural ventilation system, which works on the ' a , , -  

value during the varm months, must supply without users inLerference too much 

during cold months. This results in a vasce of energy. 

Mechanical Ventilatioq 

Most systems operate vich a constanr volume flow rate. Sometimes there is a 

time conrrol which allows a higher ventilation in che bedrooms during nighc 

times. A mechanical ventilation system, which operates on a constant flow rate 

throughout the heacing season at such a high rate to meet the requirements 

during the critical month of September, will supply too much air during all 

ocher monchs. Figure 6.14 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 6.15 (light dotted area). On yearly basis, humidity controlled system 

needs 1500 kWh, the constant flow ventilation system 2650 kWh. 76% more. 

Also other ventilation strategies are possible. E.g. che flow rate is manually 

adjusced 2 or 3 times a year depending on the season. This will increase the 

cost efficiency. However, all calculations assume thac the indoor relacive 

humidity is che dominant concral parameter throughout the year for che whole 

building. In reelity, the influence and the dominance of other parameters 

(odours, GO2 etc.) may in well insulated buildings supersede, especially 

during the vinter. Unfortunately the impacc of such parameters as  e function 

of season and room-use are not really known yet. 
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a 6.7. Ueasurement Techniques 
a To 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 instrumentation to measure temperarures, 

humidities and air change rates are explained. They vary in expenditure and 

@preciseness. There are scientific techniques and those suited for in-situ 

a measurements. One has to choose which method is adequate far a given c a s e .  The 

different techniques are not explained in detail: they are sketched briefly 

a n d  their applicability in mould and moisture damage evaluation outlined. 

a 
6.7.1 Temperature 

a 
6.7.1.1 Basics 

a 
Important temperarures 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 

l temperature measurements are performed, one should define which temperature 
one is interested in: 

- air, or more generally, medium temperature; 

a- black globe temperature; 
- dry resulting Lemperature: 

- ping-pong ball temperature. 

Chapter 3 'Thermal Modelling', explains thac the precise definition of the 

l reference temperature is essential for surface heat transfer calculations. 

@The medium temperature is defined by the location (x,y.z-coordinates in =he 

medium) and the medium itself (air, solid material, surface). E.g. measuring 

@the air temperature means, protecting the measuring device with a radiation 

0 
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Black elobe cemoerature (BGT) L 

The black globe temperature is defined by the locacion (room coordinates) in 
a 

che medium and the medium itself. To measure BGTs e . g  in air, che 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 on it. a 
RLY rresltiin cremwrature (DRSI: 
The dry resulting temperature can not be measured. It is a defined 

a 
temperature, with as weighting factors for the air and radiation temperature a 
(index r) 0.5: 

8,. - 0 . 5 .  8. + 0.5. O R  
0 

Pine-oone ball temoerature (PPBT): 
4 

The PPBT is measured by putting the measuring device into a white ping-pong 4 
ball. PPBT combines the air temperature with the radiation cemperature of the 

surrounding surfaces. The PPBT and the BGT differ due to the different 

absorpzion and emission coefficienzs. PPBT is less sensitive zo 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 Heasurement Techniques. 

Commonly used for temperature measurements are mechanical contact 

thermometers: 

Liquid Filled Thermameters (LFT); 

Metal Expansion Thermometers (MET); 

Thermacouples; 

Resistance Thermameters (RT). 
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Most often used are mercury thermometers. If not calibraced. the uncertainty 

l range can be considerable. LFTs only give instanraneous information (wich a 

l few exceptions they generally do not allow to record temperatures). Therefore 
~lley n r c  i l o ~  well sulLcd L o r  ~ ~ o i : ; ~ u r ~ :  dim;t~c i - c . ! i w ~ - < : l i  

Metal Exoansion Thermometers (METL 

The working principle of these thermometers is measuring the change of length 

l due to a change in temperature: the length change or the angle change of a 
spirale than is a measure for the cemperacure. The most used and preferred 

l group of METs are bimetal spirals. 
For recording outdoor and indoor air temperatures, they are very well suited. 

l Therrnographs afren use this principle. They are available far time intervals 
l of 1.7. or 30 days. Measuring tolerances are 1.5 X .  

Thermocoudea 

Working principle is the thermoelectric effecc: if two vires of different 

l metals are connected at both ends, a current flows, when the two ends are on a 
d i f f e r e n t  temperature. From this, only temperature differences can be measured 

with thermocouples. To get an absolute temperature signal in 'c, one has to 

l keep one end at a fixed temperature, normally O'C. This can be done using a 

DEWAR-bottle filled vith melting ice or a PELTIER-thermostat. As temperacures 

l are usually recorded during several days, the ice in the DEWAR-botcle has to 
be checked and stirred every hour whereas a Pelcier-thermostat is easier to 

handle and works automatically. Very useful are electronic monitors a r  

l recorders, with the reference temperature device incorporated. Permissible 

tolerances for NiCr-Ni. Fe-Kanst. Cu-Kanst. PC 30 Rh-PC 6. Rh Pt 10 Rh-PC. Pt 

l 13 Rh-Pt thermocouples are +3 K according to DIN 43710. To have more 

l confidence in the measured data, it is recommended to calibrate the 

thermocouples. This achieves tolerances of +0.5 K. The oucpuc valcage is a 

l "an-linear function of the temperature. So, the temperature must be calculated 
using a mathematical calibration curve, or can be taken from a graph. 

l Thermocouples e x i s c  in very small dimensions, i . e  thac room air temperatures 

l as  
well as surface temperatures can be measured. There are covered 

thermocouple types, which only should be used for air temperatures. They are 

l not suited for surface temperatures because the contact to the surface is coo 
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bad. This ofcen results in substantial errors. Becter for surface measurernencs 

are Folio-thermocouples. The folio is 0.05 - 1 mm thick. One side is coated 

with adhesives, so ir is easy co attach =he folio also co  rough surfaces. To 

measure the surface rernperncure wichout rvdintiou inlluence ~ h c  folio sl~ould 

be arrached co  rhe surface and rhen covered wich a larger folio wich che same 

absorption as che surface. 

Thermocouples are suited for dacalogging or for recording rhe signal on a 

plotter over the measurirlg pcriod, l'hermocouplcs arc very r u h l s l  , x e l i a b l c  and 

not expensive. 

Resistance Thermometers 1m 

Here, the principle of che electrical resistance of a marerial, changing wich 

temperacure, is used. In concrast ca thermocouples, an auxiliary power supply 

is needed. Buc whereas only temperature differences can be measured with 

thermoelements, resistance thermometers give absoluce temperatures. 

RT work very precisely in che temperature range important in buildings. 

Most common are Plac'n RT. They are usually specified by che resistance at 

O'C. For example Pt 100 is a RT ouc of Placin (Pt) with a resistance of 100 D 

at 0-C. 

There are also semi-conductor resistance elements available. The advantage co 

Placin RT is that the resistance change due to a cernperature variation is 

higher. Therefore. rhe influence of connecting wires can usually be neglected. 

They are cheap and have an accuracy of 0.1 - 1 Z 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 can have a 

substantial influence on che accuracy of Platin RT, due co 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 "on-linear funccion of cemperacure to 

be described with a quadratic or cubic power series. The permissible 

tolerances are much smaller compared to thermocouples and ere in the 

considered temperature range here max. 0,5 K according to DIN 43760. 

Concerning radiation protection for air temperature measuremenrs Che same 

rules apply to RT as to thermocouples. 

C m P m  6 : BOUNDARY CONDITIONS PAGE 6.35 



Y E A  A w n  xi" "CONDENSATION AND ENERGY" SPURCE Bmx 

e.7.2.1 Basics 

mumidity measurements are essential in moisture research. Procedures exist for 

paint and continuous measurements. Continuous measurements are much more 

@interesting. in spite of this also the point measurement procedures are 

briefly outlined, as they arc afcen used to calibracc the continuously 

operating devices. 

@Together with the relative humidity, it is essential to measure the air 

cemperature at =he same time and locarion. Further information on atmospheric 

erelarive humidity measuremenr methods is given in ref. 1 1 7 1 .  

6 . .  7 .  Hennorcmenl: Techr~iqucs 

k w  Point Indicator 

*A copperplate, covered with a gold layer, is coaled through a Peltier element. 

The room air passes over this place. When the plate temperature is below the 

dew point, water vapour condenses at the surface and a concentrated light beam 

ascatters on the gold mirror it is directed to. The change from a specular to a - 
diffuse reflection is detecred with a ohotoresistant. This controls the 

@Peltier cooler in such a way that the golden surface is kept on the dewpoinc 

temperature. This cemperature is precisely recorded with a Pt 100. With the 
. 

a n  Lemperature known, the relative humidity can be calculated. The accuracy 

@f the Pt 100 is 0,l'~. 

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 continuously 

logging devices are available. They are suited for calibration purposes. 

Psvchrameter 
.Psychrometers consist of a dry and a wad wetted thermometer. Over both che air 

is sucked by a small fan. The difference between both temperacures - the so- 

'called 'psychrometric difference' - derermines the relative humidity. 
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Most common is the ASSEIANN-Psychrometer. Psychrometers can be continuously 

operated buC one has alvays to make sure that the wad is wet. This makes che 

psychrometer not so suited for measuring periods longer than 4 day. 

Hair and oolvethvlen-strioe hygxometu 

These hygrometers contain a hair with a changing length for about 2 1 for a 

humidity change from 0 to 100 1 RH. ~ l a o  other hygroscopic materials like 

silk. cocton and synthetic macerials are in use. A disadvantage of the device 

is the necessity of regular recalibracion. The hysteresis is between 2 - 5  1. 

The length change of che sensor stripe oFccn vorks on a potenciornecer co give 

the required analogous electric output signal. Low cosc hair hygrometers ofcen 

have unaccuracies of more than 10% RH.  Therefore, it is recommended never to' 

use this hygromerer type without former calibration. Hygrographs very often 

use the hair or polyethylen-stripe rechnique. The use of hair hygrographs is 

one of che simplest ways for in-sit" measurements. The response time is fast 

enough to detect also shorc humidity peaks in bathrooms. Coupled wirh a 

thermograph, they represent a valuable and compact tool. 

These use a humidicy sensitive folio which is placed between 2 electrodes. A 

change in relative humidity causes a capncity change. Additional electronics 

(beside the sensor) is needed to get en analogous output signal in Ohm. Ampere 

or Volt. Linearization and temperacure compensation is often necessary. 

Capacitive humidiry sensors are, depending on accuracy and response time. 

fairly cheap. Unfortunarely rhey are sensitive to contaminated air (dust. 

organics). 

GmxJuctance-f- 

An electrode is placed on a plastic ground plate and covered with a 
a 

hygroscopic layer, where the conductivity changes with humidity. The result is 

a change of the electric current. This sensor type should have high accuracy 

and short response times, no recalibration or maintenance. 
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'~ithiumchloride Sensors 

Uses the thermodynamic equilibrium between humid air and a salt solution. The 

.lithium chloride solution absorbs water vapour from the air till the tom1 

pressure of the solution is the same as the partial pressure of water vapour 

.in the air. Accuracy is between 1.3%. The measuring element consists of a 

'thermocouple enclosed in a glass-fibre sleeve soaked in LiCl solution. The 

sleeve contains a bifilar thread connected to a power source. Assuming that 

'the LiCl solucion is unsaturated, the electrical current gradually heats it so 

that the equilibrium vapaur pressure rises. If it rises above that of Khe 

'predominant vapour pressure in the air, water will evaporate from the 

'solution, so that it first becomes saturated and then crystallizes, reducing 

the amount of liquid solution. This leads to a rise in resistance and a fall 

'in current, bringing the rise in temperature to a halt. When equilibrium is 

reached the temperature of the solution and therefore of the sensor provides o 

'direct measurement of the predominant vapour pressure. 

0 
.6.7.2.3 

Constructive hincs 

' It is essential to measure the air temperature and RH, a s  the relative 

humidity alone gives not a complete information, Before a measurement is 

'started.one should check the sensor's performance. when the humidicy is 100 X. 

There are sensors which need days to recover after condensation has occurred 

'on their surface. It's advisable to check and/or calibrate humidity sensors 

0 
during a measuring campaign at least weekly. 

'6.7.3 Air Change Rates 

'6.7.3.1 Basics 

'The knowledge of the Air Change Rate (ACR) or hourly air change rate (HACR) is 

'very valuable in moisture research. But one has to be very careful in using 

che concept of air change rates and be aware of the 'assumptions'. The ACR n 
'is defined as: 

n - G a / V  
. wlth 6.: the volume flow rate ' V : roam volume 
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0 
S O ~ C E  Bwx a 

In chis definition the volume flow race can be defined a s  che sum of air 

enrering che considered zone or che s w  of air leaving the room. They don't 

have to be the same. Depending on the temperature difference between indoors 0 
and outdoors the differences go up co 10 Z. If a mechanical vencilation system 

is considered, the supply can differ from the exhaust due to infiltration. 
a 

The question how to determine the room volume V is not that trivial. Is it 
0 

really 'length x width x height' or is it only a part of this. When measuring >a 
ACRs one has to define carefully the effective volume, this is che volume. 

where che air really passes through. Techniques to determine che effective 
0 

volume are discussed elsewhere [18]. 

The volume flow rates are used to establish moisture balances for a zone under a '  
the assumption that there is no moisture gradient in the zone. i.e. complete 

mixing of air and moisture. This assumption is often true, especially in 

dwellings with natural ventilation, where purpose provided devices and cracks 

are equally discributed around the zone and radiators, warmer end colder 

surfaces supporc intensive convection. Bur in mechanically vencilaced spaces 

one has co check the assumption of complece mixing. Therefore che expression 

'air change rate' is meaningless and in newer literacure substituted by the 

expression 'nominal air change rate'. 

In most moisture problem cases,  we have rooms with natural ventilation. 0 
Infiltration is caused by temperacure differences between inside and outside 

(stack effect) and by wind pressure. In a naturally vencilsted zone che HACR 
a 

can vary daily vich a factor of up to chree 1131. If occupants open vindous, 

the HACR can increase considerably according to [14]. In this paper some 

values of the thumb are published; with an opened hopper window HACR are 0.8 0 
to 4.0 h-I , with half-opened vertically-pivoted windows HACR increase to 5 co 

10 h-' and with a complete opened vindov HACRs are 9 co 15 h'l. If there is 
0 

additionally cross ventilecion HACRs can be up co 40 h-1. 0 

From this, one can conclude that punctual HACRs values are of minor value. As ,a 
mould growth is a very slow process, e time ploc of the ACR is needed to 

derive an average ACR and che scendard deviation. 

0 
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w e c a y  Method 

To measure the ACR in most c a s e s  a tracer gas is used. This is a special bur 

*on-mxic gas (common are SF,, N,O or CO,) which is released into the zone. The 

tracer gas is homogeneously distributed by mechanical fans till a state of 

'complete mixing is achieved, i.e. the concenrration gradients should be less 

@ t h a n  5 Z.. Then che fans are turned off, the time set to zero and rhe decay of 

concenrration, which occurs due to infiltration and air entering from other 

@zones, recorded. To have reliable results one has ro watch that also during 

the decay period, the assumption of complete mixing is fulfilled. 

wr example, a house with a central heating system can be treated as one 

completely mixed zone (131. For rooms with natural ventilation and heights not 

@higher than 2,5 m complete mixing is a good assumption. Bigger heights can 

result in temperature srratification and a stracification of che tracer gas 

*[15]. If between the rooms on one floor the doors are open, they can be 

@treated as well mixed [19]. If rhey are closed, each room has to be treated as 

a single zone [20]. 

&der the assumption of a permanent and complete mixing, the HACR can simply 

be derived by a mass balance of the tracer gas in the zone. In a ploc, it is 

@given by the slope of the logarithm of tracer-gas concentration versus time 

@(linear). 

If one measures the ACR in that way, the result is only of limited value. One 

*can not say where the air which diluted the rracer gas in the zone came from : 

from ourdoors or from one or even more adjacent rooms. The uncertainty can be 

@substantial if a decay experiment is used to establish a vapour balance of a 

won, 
' .conscant Emission Techniaue 

The technique that is probably most suitable for moisture damage 

I 'invescigarions is rhe constant emission technique. It was developed in 

*Brookhaven National Laboratory [21,22]. A small capsule (32 mm length and 7 mm 

diameter), called a passive constant injection source constantly emits a very 

@small amount of a perfluorocarbon tracer (PFT) into the zone. Concentrations 

in the zone are of the order of 10-9 ppm. At a distance of 2-3 m of the PFT 

Caaprm 6 : BOUNDARY CONDITIONS 
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The simple decay method and the conscant injection technique suffered from the 

.fact that chere is no informarion about from where the air entered the zone. 

especially for air quality considerations a technique was developed co rest, 

if all zones in a building are adequately ventilated, i.e, to measure the 

enfiltration rate in every zone. The tracer-gas technique is called the 

constant concentration rneclwd 1131. I is o l w  gas ilwlyzcr i r r d  ii 

Rulciplexer. krom which a ~ u bc l o r  sawpling a a l  :I tubc ,:or cmiLting t a o c r r  

w o e s  into every zone. In defined time intervals the multiplexer takes a sample 

from each zone, analyzes it and calculates the amount of tracer to supply into 

*he zone in that way, that the tracer-gas concentration remains constanr: and 

equal in all zones at all times. As all zones have the same concentration. 

@interzonal airflows will not change the concentration. Only air flows which 

writer the room from outside may cause changes. The measurement is 

sophisticated, caking a lot of time to set up and demands experienced 

*ssisrance. The constant concentration method can be applied continuously. 

i.e. so that infiltration histories can be obtained. Therefore, it is very 

a u i t e d  to scudy the variation of infiltration rates due to changing outside 

elinace conditions and occupant behaviour. 
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APPENDIX A: HETEOROLOGICAL DATA BASE 

BRUSSELS (Ukkcl) 

Month 

Dafa of B e l g i -  I/1 

........................................................................................................... 
y i i u a r y  2.6 4.0 4.3 86 633 
February 3.5 4.1 4.1 84 659 
March 5.5 4.5 4.0 79  713 
Apri l  9.0 5.5 3.8 77 884 

July 
August 
Scplcmbcr 
October 
Novcmbcr 

a Dcccmbcr 
Year 
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Data of Germany 

0 
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Data of T r a l y  1. /3 
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D a t a  of I ta ly  2/3 

PAGE 6A.5 

BoLzano Yeron. Yl1i.fr.n~~ TII.IIe 
r b ' l e ,  H l i ' > 9 *  F 241 65.24,  Y 10'11, c 68 n 45'19. N l l 'W C 20 " ....................................... ......................... 

\ \[':I \ l ~ k g l \ l ~ ~ l \  1 :\[':I ~ & s l \ l ~ % l \  1 '  \[':I \ ~ 8 7 k S l \ l ~ ~ l \  .............................. _--__ ........................ 
1 . 1  
2 . 0  
2 . 9  
1 .1  
7 . 2  
1.9 
1 . 2  
2 . 2  
2 . 1  
2 . 9  
2 . 9  

1 . 5  
6 . 1  
5.1 
5 . 8  
11.1 

1 0 . 8  
X . 9  
10.'  
11.0 

1 . 7  
7 . 0  

' . A  
1 . 2  
9 .2  
16.0 

WI111-11 
J U U 2 1 . 6  

2 1 . 0  
A U C 1 I . l  
I E I 2 O . i  
D C T 1 5 . 2  
N O V 1 1 . b  

JUI 
TE8 
W l  
ArR 

JUL 

' . I  6.' 

0 . )  
i . 1  
>.A 
1 . 5  
1 . L  
1.1 
0 . 9  
0 . 8  
(1.7 
0 . 7  
0 . 8  

2 9  DIC 

...... 
1.1 
1 . 2  
6 . 9  
3 . 7  
8 . i  

10.8  
L1.6 
11.6 

9 . 8  
7 .0  
5 .0  

0 . 7  

1 .2  
2.11 
7 . 2  

12.0 
W l l b . 8  
m 1 0 . 1  

21 .2  
A U C 2 7 . 0  

1 8 . 6  
( T I  

8 . 4  
........................................................................ 4 . 1  

JU 
TFB 
lLll  
M L  

IUL 

SCs 

MOV 
2 . 6  

0 . 4  
0 . 7  
1.1 
1.1 
I.' 
. 
1.) 
0 . 9  
0.7  
0.4 
0 . 3  

DCC 

2 . 1  
2 . 1  
1.9 
5 .2  
7 . 4  
9 .  

10.1 
10.' 
8 . 3  
6 .  . 

0 .1  

J * H - 0 . 1  
Z.0 
7.6 

12 .0  
W l I 6 . 0  
1m19.2 

2 0 . 8  
A U C L 9 . 6  

1 1 . 2  
( T T 1 0 . 0  

6 . 4  
2 . '  DFC 

FLk 
WP. 
APE 

JU1. 

ICs 

NOY 
0 . 0  
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D a r a  of I t a l y  3/3 

L-a ci..pino 
'l''8' " 12.36 '  E I , ,  . 

JUI 5 . 6  5 . 0  4 . 0  
F L U  7 . 0  5 . 1  3 .7  
P A  8 6 . 0  1.4 
ASPI>.' 1 . 6  1.1 
U I 1 6 . 1  8 . 1  2.11 
J U M 2 0 . 4  1 1 . 5  2 . 1  
IUL 21.6 12.1 2 . 8  
*w 2 2 . 6  i 3 . 3  2.11 
ITS 1 0 . 8  12.11 2 . 9  
K T  1 6 . 0  9 . 6  3 . 0  
NO" 8 . 4  7 . 1  3 . 3  . 
DFC 7 . 6  1 . 2  1.11 ........................ . . 

J A W I  7 . 6  5 . 1  1.0 
rn8 8 . 0  4 . 9  1.1 
PAR 10 .0  5.2 1 . 1  
A P R 1 1 . 2  6 . 6  2 . 9  
U I  1 7 . 2  11.1 2.5  
JM 2 1 . 2  1 1 . 0  1 . 6  
JVL 2 4 . 6  , I . '  2 . '  
ALL: 2..0 12.4 2 . ,  
IF? 20.8  1 0 . 9  2 . 3  

1 6 . 0  8 . 4  2 . '  
HOV i 2 . L  7 . 1  3 . 2  
DCC 11.6 5 . 6  1.1 

......... 

I 114 - - - -. - -. . 
JUI 9 . 2  
FEB 1 0 . 0  
U R  11.6  
APR 1L.0 
UI 18.0  
JV* 2 2 . 0  
JUL 2 4 . 0  
AUC 2 4 . 8  
SFP 2 2 . 0  
K T  18.0 
NO" L' . '  
DFC 11 .2  

.......... 

.. 
JAM 10.0 5 . 2  
IT0 10 . '  5 . 8  
U R 1 2 . 0  6 . 1  
APR 1 6 . 0  7 . 0  
l U I I I . 0  9 . 1  
JUN 2 2 . 0  1 1 . 1  
JVL 2 5 . 1  11 .0  
ALL: 2 5 . 6  13.6 
I t P  11.2 t 2 . 0  
D X 1 I I . L  9 . 1  
n o Y L 1 . 2  ,.A 
D F C I I . 6  5 . 7  ................. 

C H A P ~  6 : BOUNDARY CONDITIONS / APPENDIX A 

O l l l . r i  Elm.$ 
39 .1 ) '  H T'03' F 18  rn ........................ 

/ /[':I ~ ~ l z ~ k ~ l ~ l m ~ ~ l /  ........................ 
JAM 9 . 2  5 . 9  1 . 6  

' 

FtB 9 . 2  1 . 4  6 . 2  
U R  1 2 . 0  8 1 . 2  
A P R 1 3 . 6  7 . 0  4.4 
PAL 1 7 . 6  11.4 6 . 1  
JM 2 1 . 1  0 .  4 . 1  
JVL 2 1 . 6  1 1 . 2  4 . 1  
A U C I I . 0  1 2 . 5  6 . 9  
S F P 2 2 . 0  11.' L . 1  
K T  18 .0  8 . 9  1.1 
H 0 V L L . I  7 .6  3 . 1  
D E C L I . 6  7 . 0  1 .8  

0 

0 
SOURCE Bma a 

0 

a 
0 

a 
a 
a 
a 
0 

a 

a 
a 
a 

a 
a 
a 
a 
a 
0 
a 
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Data of the United Kingdom 1 / 4  

a 
a 

SOL~RCE Bmx 
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Data of =he United Kingdom 2/4 

LONDON HLATHROY 
51:ZBH 0:19W 5. 

RONTH TER? :C  
---...---.----------- 
J A N  4.2 
FLB 4.5 
M R  6.6 
APR 9.5 
M I  12.6 
J W  15.9 
JUL 11.5 
&UC 11.1 
ILP 14.9 
OCT 11.6 
NO" 1.5 
DEC 5.3 

YLU~  . 10.6 

RONTH TEMP :C X :g.,hg 

JAN 1.7 5.6 
FEB 1.1 5.1 
F A R  8.5 5.6 
APR 9.9 6.4 
mr 11.9 7.1 
JUH 14.4 8.6 
JYL 16.0 9.5 
AUG 16.1 9.8 
SLP 15.1 9.2 
OCT 12.9 8.1 
HOY 10.2 6.4 
DCC 8.7 5.9 
___.___.__.__.__.-_-----------------. 
Y U R  11.6 1.3 

CMPIW 6 : BOUNDARY CONDITIONS / APPENDIX A 
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ABLRPORTH 
52:08N 4:14U lllr 

"A1 
JLm 
J U L  
AUG 
SLP 
OCT 
NOV 
DTC 

0 

0 
S m c e  Bmx 0 

0 

Data of rhe U n i r e d  K i n g d o ~ r r  3 / 4  

a 
0 

0 

0 

a 
0 

0 

0 

0 

I 
I 
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Data of rhe Unired Kingdom 4 / 4  

TYNEHOUTH 
5j:OlH 1:25u 33m 

HONTH T C ~ P  :C  X :9/k9 Y :n/r ............................................. 
J U  3.9 4.3 5.0 
TEB 4.1 e.1 5.6 
M R  5.5 4.3 5.4 
APR 1.1 5.0 4.9 
M Y  9.1 6.0 4.4 
J U N  12.9 7.3 3.8 
J U L  14.7 7.9 3.8 
AUG 14.6 8.3 3.8 
IEP 11.3 1.8 3.8 
OCT 10.1 6.1 3.9 
NOV 6.9 5.2 5.1 
DEC a.9 4.3 5.0 ............................................. 
YEAR 9.1 5.9 4.5 

nONTH TEHP :C X :g/kg V : m / S  ............................................. 
J A N  3.1 4.4 5.2 
TLB 3.9 4.1 5.2 
FAR 5.6 4.5 5.7 
A 7 R  7.8 5.1 5.1 
M Y  10.8 6.1 4.8 
JUN 13.5 7.6 4.6 
JUL 15.6 7.9 4.6 
AUG 14.8 8.2 4.4 
SEP 12.6 1.1 4 . 4  
OCT 9.5 6.1 4.9 
NOV 6.1 5.0 5.0 
DEC 4.4 4.5 4.8 ............................................. 
YEAR 8.9 6.1 4.9 

A B E I D E E N  DICE 
51:08H 2:OBW 52. 

HONTH 
....... 
J*N 
F E B  
M R  
*PR 
M Y  
J U N  
J U L  
*UG 
SEP 
OCT 
NO" 
DCC - - - - - - . 
I W R  

TEHP :C X :g/k9 
........................... 

2.5 3.9 
2.7 3.9 
6.5 4.1 
6.8 4.6 
9.0 5.5 

12.1 1.0 
13.1 7.3 
13.3 1.6 
11.9 1.1 
9.3 6.1 
5.3 4.5 
3.1 4.0 

........................... 
1.9 5.4 

a 
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APPENDIX 6.8: 

Cnl cul nti on Procedure 1:" Determi nc the nccunul nted Supply Air a 
Mass 'U '  and the Energy Consumption 'H' 

Hour ly  ("can viilucr; 01. I ,  0 I r I c : i  I :  L i l r t ; .  T i .  9 
absolute outdoor humidity xe [g/kg]is calculated: 

With p. barometric pressure ( p a )  
8. outdoor temperacure ( C) 
0. outdoor relative humidicy (Z) 

The inicial inside temperature 8,' is an input value. The following is 

assumed: the space heating system of the house is not in operacion during 
a 

days, where the daily mean outdoor temperature 8 is above 15'~, and fram 

June 1st to August 31st. In this case the room temperature is independant of 

the initial room temperature 8, and set to - (8,,m+20)/2, during all other 

t i m e s  8, - oi*. a 
The surface temperature at che coldest locacion of che building, where we 

have a normalised heat transmission coefficient k~ and a surface heac transfer a 
coefficient hi, is calculated wich: 

k". (ei - ee,d 
8,s - 8 %  - 

hi- k". (h,fii".1) 

with hi": the normalised surface film coefficient 

As 'a,'-value, the threshold relative humidity against the wall surface is 

taken: 

This assumption differs fram a. - 0.8, accepted as threshold relative humidity 
by the Annex. It takes into account the dependance of a, an the temperacure. 
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@With a. and , ,  the maximum aIlowable indoor humidity 4, in the room at room 

temperature 8, is calculated, using the relationship: ' 
X,(O,) - x,(t.) ' 

If x,(t,) and x,(O,) are expressed a s  in equation (68-1). 4,  can be decermined 
mas: 

4, Pn 

100 P,(@%) Pa 

a: - . [- - pS(ti)] + ~~(8,) 
P,(#.) a, 

e h i c h  leads to a maximum absolute indoor humidity of 

Figure 6.9 and 6.10 shov nov the difference x,-x. . 
*For a constant vapour emission Gp in the building the necessary accumulated 

supply mass of oucside air V, is calculated in such e way , that the value xi 

'in the room is not exceeded. 

a 6. 
W, - . At (kg) ' X i  - X *  

For those short periods, where r,-x.<O, i.e. the absolute ourdoor absolute ' . . .  humidlty is hlgher than the alloved maximum indoor value and more humidity is 

  supplied to the building by ventilation than exhausted, ve set V, -0. 

'J-.L (Vt) 

@The energy H to heat the outside air to room femperature is: 

Qr - V,.C,.(Bi - a*) 

'Ve set Q, - 0 from June 1st. to Aug. 31st. and for days with t.,. >15'~ 

0 ' 
0 
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